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The primary objectives of the following experiments were to: 1) determine the impact of
a direct-fed microbial (DFM) blend on digestibility and microbial populations on horses fed low
(LQ) and high (HQ) quality hay, 2) evaluate the differences in diet digestibility, microbial
populations, and blood metabolites due to DFM supplementation to the exercising horse, 3)
assess the impact of short-chain fructooligosaccharide (scFOS) supplementation on digestibility
and the fecal microbial ecosystem in senior (SR) vs. mature (MA) horses, and 4) determine the
relationship between insulin dysregulation (ID) and morphometric neck measurements (MNM)
in the non-obese stock-type horse. Results indicated that: 1) Supplementation with DFM tended
to be beneficial in enhancing CP digestibility. Feeding CP beyond requirements may contribute
to excess excretion of Escherichia coli (EC) in HQ which was supported by 16S rRNA analysis.
Differences in the fecal microbial ecosystem were detected between LQ and HQ. The phylum
Saccharibacteria was identified in both hay qualities even though it has been lightly reported in
equine literature. 2) Supplementing DFM to moderately exercised horses tended to enhance DM
and ADF digestibility but there was no evidence of a dietary modulation to the fecal bacteria
isolated. 3) No differences were found between MA and SR when fed scFOS-added ration

balancer which indicates that scFOS may help mitigate decreases in digestibility experienced by
SR. Senior horses had less diversity in their fecal bacterial population, which may help explain
why SR are more prone to ailments such as colic and impaired immune function. 4) Obesity is an
important genetic factor for ID however it should not be the only determining factor, as ID can
occur in non-obese individuals. One individual out of 62 tested horses was identified as ID.
Morphometric neck measurements (MNM) may help pinpoint horses that are at a greater risk for
ID, but more research is needed to validate MNM in both obese and non-obese stock-type
horses. There were correlations between glucose sampled before an oral sugar test (OST) and
insulin post-OST but a fasting OST would still be recommended in assessing ID.
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CHAPTER I
INTRODUCTION
Equine producers are faced with a challenge when it comes to feeding horses, especially
those used for performance or work. The equine diet must provide enough energy while
maintaining a minimum fibrous portion in the diet (0.75% BW/d; NRC, 2007) to promote
gastrointestinal and whole-body health. The equine gastrointestinal tract (GIT) relies on foragebased diets eaten continuously throughout the day. However, modern management conditions
and grain supplementation to meet increased energy demands can alter the microbiome of the
horse (Julliand and Grimm, 2017). It can be difficult to evaluate these changes because the bulk
of digestion occurs in the hindgut, which cannot be easily accessed for assessment (Hintz et al.,
1971; Julliand, 1992; Julliand and Grimm, 2017). Fortunately, feces are a valuable indicator to
assess changes in the equine microbiome, specifically of the distal hindgut (Julliand and Grimm,
2016; Grimm et al., 2017).
It may benefit producers to learn about how a horse’s diet can be altered to enhance
digestibility based on substrate or feed additives, such as pro-, pre-, and syn-biotics, by
impacting the microbiome (Coverdale, 2016). Probiotics are living microorganisms that are
thought to offer a benefit to the host when supplemented in certain numbers (Stewart et al.,
2017). The use of probiotics has been studied in both a clinical and applied setting to treat or
prevent disease or to impact the hindgut microbial population. However, mixed results exist on
the efficacy of probiotics. Jouany et al. (2008) and Glade (1991a;1991b) found that
1

supplementation of Saccharomyces cervisiae (SC) improved digestibility of ADF, DM, NDF,
and CP in the horse, but others reported no differences (Webb et al., 1985; Mackenthun et al.,
2013). Probiotics have also been shown to decrease cortisol concentrations in numerous
livestock species. Cortisol can alter gut permeability and barrier function, which can contribute
to variations in gut microbiota and result in disease or predisposition to infection (O’Mahony et
al., 2011; Montiel-Castro et al., 2013). Studies evaluating stressed animals supplemented with
probiotics have also yielded mixed results. Swanson (2002) reported no difference in cortisol in
weaned foals supplemented with probiotics, but both Sohail et al. (2010) and Penha et al. (2011)
reported decreased cortisol concentrations in supplemented heat-stressed broilers and Nelore
cattle, respectively.
Prebiotics were defined in 1995 by Gibson and Roberfroid (1995) as “non-digestible feed
ingredients that beneficially affect the host by selectively stimulating the growth and/or activity
of one for a limited number of bacteria, and thus improves host health.” Prebiotics are inert in
that the host itself is incapable of directly metabolizing the product, but the microbes of the GIT
utilize the substance, therefore garnering benefit to the host. Saccharomyces cervisiae
fermentation end-products (SCFP) are a popular choice in equines, with varying results of
improving low-quality forage digestibility (Morgan et al., 2007a), decreasing Escherichia coli
(EC; Booth et al., 2001), and increasing cecal pH (Hall and Miller-Auwerda, 2005). Another
popular prebiotic in equine studies are short-chain fructooligosaccharides (scFOS) which have
shown to increase pH and VFAs (Berg et al., 2005; Respondek et al., 2007), decrease pathogenic
bacteria (Gibson and Wang, 1994; Campbell et al., 1997; Bouhnik et al., 1999), and even
improve insulin sensitivity and insulin response to glucose in obese horses (Respondek et al.,
2008). Synbiotic research in the horse is limited and aims to provide better efficacy with a
2

prebiotic selectively favoring a supplemented probiotic microorganism (Cencic and Chingwaru,
2010). Equine research to this point has found improvements in fecal sand output (Landes et al.,
2008) and a tendency for increased apparent digestibility of NDF and ADF.
Although producers may see a benefit in improvements such as in digestibility, it is
important to understand microbial changes occurring in the equine GIT so researchers can make
decisions to further nutritional advances and understanding of how feed additives benefit horses.
Culture-dependent studies can be limited, but advanced technology such as 16S rRNA analysis
can provide insight into the microbial ecosystem. Because of these limitations in current
knowledge, it is of importance to further explore the benefits of pro- and prebiotics.
Therefore, the objectives of the following experiments were to: 1) determine the impact
of a probiotic blend on digestibility and microbial populations in low and high quality hay, 2)
evaluate the differences in diet digestibility, microbial populations, and blood metabolites due to
probiotic supplementation in the exercising horse, 3) assess the impact of scFOS
supplementation on digestibility and the fecal microbial community composition in SR vs. MA
horses, and 4) determine the relationship between insulin dysregulation (ID) and morphometric
neck measurements (MNM) in the non-obese stock-type horse.
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CHAPTER II
LITERATURE REVIEW
Functional Anatomy of the Equine Hindgut
Horses are non-ruminant herbivores with a large, complex GIT designed to accommodate
fibrous feedstuffs through fermentation in the hindgut (Costa et al., 2015). The hindgut makes up
approximately 70% of the GIT and can be subdivided into two sections. The proximal hindgut is
comprised of the cecum, right ventral colon, and left distal colon while the distal hindgut
includes the left dorsal colon, right dorsal colon, and small colon, which leads to the rectum. The
capacity of the cecum is up to 70 L, but generally maintains a capacity around 30 L (Evans,
2000). The demarcation between the proximal and distal hindgut is the pelvic flexure, a short,
narrow loop connecting the left ventral and left dorsal colon (Lopes and Pfeiffer, 2000).
Fermentation in the hindgut is accomplished through the microbial breakdown of
structural carbohydrates, as the horse is unable to produce enzymes responsible for the
degradation of cell wall structural compounds such as hemicellulose and cellulose (Hintz et al.,
1971; Julliand, 1992; Julliand and Grimm, 2017). Fibrolytic activity begins with adhesion of the
microbial population (predominantly fungi, protozoa, and bacteria) to feed particles (Bonhomme,
1986). The microorganisms attached to the feed particle, and to a lesser extent free
microorganisms, excrete enzymes to break down fiber (Geor et al., 2013). Xylanasic activity
corresponds to the first step in hemicellulose degradation while caroboxymethylcellulasic
activity corresponds to the first step of cellulose degradation, with the former having greater
4

activity. The next steps in fiber degradation include β-D-glucosidase activity (cellulose
degradation) and α-L-arabinose activity (hemicellulose degradation), with the former having
greater activity. Jouany et al. (2009) reported that, interestingly, both carboxymethylcellulasic
and xylanasic activities were greater in the colon than cecum. Sugars produced are next
hydrolyzed in bacterial cells through glycolysis which forms pyruvate and subsequent endproducts of microbial fermentation. One of the end-products of microbial fermentation, VFAs,
are absorbed directly through the intestinal wall and provide a wealth of energy to the horse
(Argenzio et al., 1974). Numerous factors affect how much VFA production in the cecum is
required for meeting a horse’s energy needs. Glinksy et al. (1976) reported that VFAs from the
cecum alone may be sufficient to meet up to 30% of a horse’s energy needs at maintenance,
while others have estimated total hindgut ranges of 60 to more than 80% of maintenance energy
needs met through VFAs (Argenzio et al., 1974; Vermorel et al., 1997; NRC, 2007). Additional
end-products include lactate (forage-based diets produce very little) and gases such as CO2, H2,
and CH4 (Geor et al., 2013).
Microbiota of the Equine Gastrointestinal System
Human research has only recently begun to appreciate that the body is home to more than
just human cells: humans harbor at least 100 trillion (1014) microbial cells and a quadrillion
viruses in the GIT and on the host (Whitman et al., 1998; Haynes and Rohwer, 2011; Clemente
et al., 2012). In the equine cecum and colon alone, a diverse microflora exists at an estimate of
0.5 x 109 to 5 x 109 (Frape, 2010). In a 2012 review by Sadet-Bourgeteau and Julliand,
concentrations of total anaerobic bacteria in cecal or colonic content varied from 107 to 1011
cells/mL. Given a maximum hindgut content of approximately 24 L, the hindgut of the horse
could be home to more than 1015 bacterial cells (Varloud et al., 2004). This is not to mention the
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protozoa, fungi, bacteriophages, and archaea that are also known to reside in the horse GIT
(Liebentaz, 1910; Alexander et al., 1970; Moreau et al., 2014). The symbiotic relationship
between the host and residing microorganisms has moved from characterization of community
composition to encompassing the dynamic relationship between host and the microbiota
(Clemente et al., 2012). In all species, resident microflora are thought of as an “organ system” by
providing nourishment, regulating epithelial development, and modulating immune responses
(Eckburg et al., 2005; Stewart et al., 2017). Although most host-microbiota interactions promote
health, even a slight alteration in this equipoise, such as dietary changes or stress, can result in
pathogenic potential in the microbial population (Bien et al., 2012; Stewart et al., 2017). This
dysbiosis can be deleterious to the host, resulting in a decrease of the population of beneficial
bacteria and their by-products in conjunction with an increase of pathogenic bacteria and their
toxic metabolites. An alteration of the luminal environment can cause maladies such as irritable
bowel disease of humans and colic and laminitis of horses (Bien et al., 2012; Julliand and
Grimm, 2017; Stewart et al., 2017).
Some studies have attempted to establish a core microbiome which characterizes the
number of phylotypes (DNA sequences sharing similarity in a gene marker) with a relative
abundance > 1% in all samples analyzed. Costa et al. (2015) only identified 55 core phylotypes,
with the greatest relative abundance of occurring at 18% (Lactobacillus isolated in the
duodenum. Identifying a core microbiome using relative abundances of > 0.1% of all samples in
each respective study have also been utilized. Ericsson et al. (2016) reported 41 core phylotypes
present in both lumen and mucosal samples taken from 9 horses and 7 GIT regions while
Morrison et al. (2018) described 21 from the feces of 35 ponies. There is difficulty comparing
the core microbiome of one study to another due to primer resolution and sequencing coverage
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(Ericsson et al., 2016). However, research has indicated that the equine microbiome does not
appear to be dominated by any specific phylotype (Dougal et al., 2012; Dougal et al., 2013;
Morrison et al., 2018).
Foregut
Although the stomach is often thought of solely for its chemical and mechanical digestive
capability, intragastric fermentative ability has been described. Interestingly, no protozoa have
been detected in the stomach (Kern et al., 1974), but culture-dependent and -independent
techniques have revealed a diverse community of bacteria that thrive despite the acidic
conditions of the stomach (Al Jassim et al., 2005; Julliand et al., 2006; Geor et al., 2013). Studies
characterizing the microbiota of the upper GIT are limited due to the significant role of fiber and
hindgut microbial fermentation in the equine diet (Julliand and Grimm, 2016).
In fasted animals the fermentative capacity is reduced due to an empty stomach (Varloud
et al., 2007) but still has surprisingly greater population of anaerobes. Varloud (2006) reported
that the concentration of total anaerobes in the mucosa of the non-glandular region ranged from
104 to 106 cfu/mL and 105 to 107 cfu/mL in the glandular cardiac of empty stomachs. In fed
horses, postprandial increases in the gastric microflora concentration have been observed in
numerous studies (Kern et al., 1974; de Fombelle et al., 2003), for instance, with total anaerobes
increasing from 9.5 x 106 to 2 x 108 cfu/mL 60 and 210 min postprandial, respectively (Varloud
et al., 2007). Additionally, postprandial increases in lactobacilli, streptococci, and lactateutilizing bacteria have also been observed (de Fombelle et al., 2003; Varloud et al., 2007). These
results are interesting, especially since more modern diets containing greater proportions of
dietary starch result in a decrease in gastric pH (de Fombelle et al., 2003; Geor et al., 2013).
Although cellulolytic bacterial concentrations are negligible in the stomach (Kern et al., 1974; de
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Fombelle et al., 2003), there is a population of amylolytic and lactate-utilizing bacteria, as lactate
is the major end product reported (Argenzio et al., 1974; Kern et al., 1974; de Fombelle et al.,
2003; Varloud et al., 2007; Geor et al., 2013) and increases postprandially. Additionally, VFAs
(acetate at 70 to 80%, propionate < 10%) and D-glucose, end-products of starch hydrolysis,
increase postprandially which is indicative of a starch-degrading microbial population
(Alexander and Davies, 1963; Argenzio et al., 1974; Kern et al., 1974; de Fombelle et al., 2003;
Nadeau et al., 2003; Varloud et al., 2007; Geor et al., 2013).
Mucosal samples taken by Costa et al. (2015) found Firmicutes as the dominant phylum
of the gastric environment with Lactobacillus, Sarnia, and Streptococcus as the main genera. The
duodenal microbiota consisted of largely Lactobacillus sp. and Streptococcus sp. while the ileum
had a greater relative abundance of Proteobacteria. At the family level, Lactobacillacea,
Clostridiacea, and Streptococcacea accounted for abundances of 50.94, 39.90, and 3.96%,
respectively, and were larger than Lachnospiracea and Ruminococcacea at 1.06 and 1.08%,
respectively. When assessing luminal contents from 9 horses, Ericsson et al., (2016) reported
contents of the upper GIT contained greater proportions of bacteria in the phyla Proteobacteria
and Firmicutes compared to other phyla, which agreed with previous literature (Perkins et al.,
2012; Costa et al., 2015), a lesser relative abundance of Cyanobacteria and Bacteroidetes, and a
much lesser relative abundance of 23 other phyla identified throughout the GIT. The numbers of
operational taxonomic units (OTUs), or clusters of sequences sharing at least 97% nucleotide
identity, were also compared. At the OTU level, the most abundant luminal taxa were
Lactobacillus sp., Streptococcus sp., Actinobacillus sp., Sarcina sp., and unclassified bacteria of
the family Enterobacteriacea and order Streptophyta. A principle component analysis was
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performed and found considerable β-diversity among regions of the GIT but PERMANOVA
pairwise comparisons found no difference between regions of the upper GIT.
In the small intestine, bacteria represent the only known microbial community as
protozoa and fungi are yet to be reported (Geor et al., 2013). Total anaerobic counts have been
reported as 2.9 cfu/mL in the proximal duodenum (Mackie and Wilkins, 1988), from 107 to 109
cfu/mL in the jejunum (Mackie and Wilkins, 1988; Kollarczik et al., 1992; de Fombelle et al.,
2003) and from 106 to 109 cfu/mL in the ileum (Kern et al., 1974; Mackie and Wilkins, 1988; de
Fombelle et al., 2003; Geor et al., 2013). Lactobacilli, streptococci, and lactate-utilizing bacteria
are important for the breakdown of easily fermentable carbohydrates and starch, and are the
dominant microflora, with ranges noted of 107 to 109 cfu/mL (Alexander and Davies, 1963;
Kollarczik et al., 1992; de Fombelle et al., 2003), 107 to 108 cfu/mL (de Fombelle et al., 2003),
and 107 to 108 cfu/mL Alexander and Davies, 1963; de Fombelle et al., 2003), respectively, in
small intestinal contents (Geor et al., 2013). Cellulolytic bacteria have also been reported in the
jejuno-ileum but at a much reduced concentration than the dominant microflora, not exceeding
3.0 x 102 cfu/mL (Kern et al., 1974; de Fombelle et al., 2003).
Hindgut
Considering the physiological makeup of the horse regarding forage digestion, much
focus has been placed on understanding the microbial makeup of the hindgut. Most research has
focused on the cecum because it is considered the main site of anaerobic fermentation in the
equine, although more distal regions of the GIT still have this capacity (Geor et al., 2013).
Fortunately, numerous studies have been conducted to understand the unique microbiota of the
hindgut.
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Contrary to what has been found in the stomach and small intestine, ciliate protozoa and
fungal zoospores have been identified in the hindgut, with values of 102 to 105 cells/mL (Kern et
al., 1973; Goodson et al., 1988; Moore and Dehority, 1993) and 10 to 104 spores/mL (DupuyJulliand, 1996), respectively. Of course, the bacterial community makes up the bulk of the
hindgut microbial biomass (Geor et al., 2013). Bacterial diversity is greater in the ventral colon
than cecum (Daly et al., 2001; Daly and Shirazi-Beechey, 2003) and microbial density is greater
in the colon as a whole vs. cecum (Kern et al., 1974; Julliand et al., 2001; Medina et al., 2002a),
which indicates that the cecum and colon probably differ in terms of ecosystem function (Geor et
al., 2013).
Of course, the fermentation of fibrous material is essential to a horse’s GIT health and
nourishment, so we can expect fiber degrading bacteria to play a large role in the cecum (Geor et
al., 2013). Interestingly, concentrations of cellulolytic bacteria are less in the cecum (between
104 to 107 cfu/mL) and make up a very small percentage of total anaerobic counts in the horse
cecum (between 0.04-9%; Kern et al., 1973; Julliand et al., 1999; Julliand et al., 2001; Medina et
al., 2002a; de Fombelle et al., 2003). Despite this, apparent digestibility is still efficient
dependent on dietary factors, such as forage maturity and species, and may still be efficient due
to the slower transit time of the hindgut vs. the foregut (mean retention time of 20.9 h vs. 8.85 h,
respectively; Miyaji et al., 2008). The most prevalent cellulolytic bacteria in the hindgut are
Ruminococcus flavefaciens and Fibrobacter succinogens (Daly et al., 2001; Julliand et al., 2001)
but it is important to note that they are found at a greater concentration in the cecum vs. the colon
(Hastie et al., 2008). Glycolytic and amylolytic bacteria are predominantly composed of
streptococci, lactobacilli, and enterococci (Bailey et al., 2003; Al Jassim et al., 2005) ranging in
concentration from 103 cfu/g to 106 cfu/mL (Nicpoń et al., 2000; Julliand et al., 2001; Medina et
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al., 2002a; de Fombelle et al., 2003) with Streptococcus bovis more numerous in the colon than
cecum (Hastie et al., 2008). Additionally, enumerations of streptococci and lactobacilli seem to
be greater in the colon than cecum (Julliand et al., 2001; de Fombelle et al., 2003). Lactateutilizing bacteria have been reported across numerous studies as averaging 107 cfu/mL for both
cecal and colonic contents but are generally greater in the colon than cecum (Julliand et al.,
2001; Medina et al., 2002a; de Fombelle et al., 2003). Multiple studies have indicated that
undigested starches and soluble carbohydrates that escape foregut digestion and rapidly flow into
the cecum have a limited impact on the microflora of the cecum but stimulate colonic microflora
(de Fombelle et al., 2001; de Fombelle et al., 2003; Da Veiga et al., 2005). Conversely to
previous bacteria being greater in concentration in the colon vs. cecum, proteolytic bacteria,
averaging 107 cfu/mL (Kern et al., 1973; Reitnour and Mitchell, 1979; Maczulak et al., 1985;
Mackie and Wilkins, 1988) were found at a greater concentration in the cecum than colon
(Mackie and Wilkins, 1988).
Culture-based studies have identified several groups and species including: Bacteroids
(B. amylophilus and B. ruminicola; Davies, 1964; Kern et al., 1973; Baruc et al., 1983; Maczulak
et al., 1985), Borrelia (Kern et al., 1973), Butyrivibrio (Baruc et al., 1983; Maczulak et al.,
1985), Clostrida (Clostridium dissolvens, Davies, 1964; Baruc et al., 1983), Eubacteria (EC,
Alexander and Davies, 1963; F. succinogenes, Bonhomme, 1986), Lactobacillus (L. bifidus, L.
salivarius, and L. mucosae, Alexander and Davies, 1963; Kern et al., 1973; Baruc et al., 1983;
Maczulak et al., 1985; Al Jassim et al., 2005; M. elsdenii, Alexander and Davies, 1963; and
Mitsuokella jalalundinii, Al Jassim et al., 2005), Propionibacterium (R. albus, Bonhomme, 1986;
and R. flavefaciens (Bonhomme, 1986; Julliand et al., 1999), Selenomonads (Baruc et al., 1983;
Maczulak et al., 1985), Staphylococci (Maczulak et al., 1985), and Streptococci (S. bovis, S.
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equines, and S. lactis, Alexander and Davies, 1963; Kern et al., 1973; Baruc et al., 1983;
Maczulak et al., 1985; and V. gazogenes, (Alexander and Davies, 1963). However, culture-based
studies have limitations due to environmental sensitivities of bacteria, so little is known today
concerning listed species in the equine hindgut differing from other animal gut environments
(Julliand and Grimm, 2016).
Culture-independent, high-throughput next-generation sequencing confirmed the
presence of bacterial varieties identified by culture-based techniques, as well as identified novel
genera. Julliand and Grimm, (2017) summarized the abundance of phyla based on studies by
(Dougal et al., 2013; Moreau et al., 2014; Costa et al., 2015; Hansen et al., 2015). They reported
Firmicutes (20 to 59%) and Bacteroidetes (2 to 65%) as the most prevalent phyla, with
Proteobacetia (0 to 14%) and Verrucomicrobia (0 to 24%) as the next most abundant.
Spirochaetes (1 to 9%), Fibrobacteres (1 to 7%), and Actinobacteria (0 to 2%) were less
abundant, with Tenericutes observed but in such a quantity abundance was not reported (Julliand
and Grimm, 2016).
Although the ileocecal junction serves as the transitionary zone between the foregut and
hindgut, another such zone exists at the pelvic flexure region (Ericsson et al., 2016; Grimm et al.,
2017), with microbial communities differing from the proximal and distal portions in terms of
both microbial structure and diversity (Da Veiga et al., 2005; Peter M. Hastie et al., 2008;
Dougal et al., 2012; Sadet-Bourgeteau and Julliand, 2012; Dougal et al., 2013; Schoster et al.,
2013; Costa et al., 2015) as well as microbial activity (Da Veiga et al., 2005; Dougal et al.,
2012). More recently, Ericsson et al. (2016) described a difference between luminal samples in
the cecum vs. ventral colon (P = 0.004) and dorsal colon (P = 0.002) and between the ventral vs.
distal colon (P = 0.002). Interestingly, mucosal samples were not different between the cecum vs.
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ventral colon (P = 0.06) but were different when comparing the cecum vs. dorsal colon (P =
0.02) and ventral vs. dorsal colon (P = 0.03). They noted that when compared to luminal
samples, mucosal samples shifted more gradually along the length of the GIT, which explains
greater differences in microbial communities in segments of the GIT that were not neighboring
(Costa et al., 2015; Ericsson et al., 2016).
Feces as an Indicator
Due to the unique equine gastrointestinal tract as outlined above, it can be difficult and of
an ethic or welfare concern to obtain samples directly from locations in the gastrointestinal tract.
Fistulation offers a unique window into the gastrointestinal tract, but can be cost prohibitive and
requires management such as cleaning to maintain hygiene, replacement of cannulas, and
sensitivity around the cannula site (Venable et al., 2017). Complications may still arise due to the
nature of the procedures. More recent studies reported that a novel surgical method for dual ileal
and cecal cannulation in 8 ponies reported a survival rate of 63% after 9 mo (Williams et al.,
2018) while cecal cannulation in 8 stock-type horses using a 2-step standing procedure yielded a
75% survival rate after 3 yr (Venable et al., 2017).
Alternatively, feces are widely available for use in assessing digestibility via total
collections and markers, and even as an indicator to understand the equine microbiome. Total
collection methods to determine apparent digestibility are a valuable tool but do have flaws.
There are increased labor costs for monitoring animals during total collections. Horses often
wear harnesses during collections, as they tend to not tolerate metabolism crates well. Although
harnesses are beneficial, as the risk for sample contamination is reduced, the success rate of feces
collecting in the bag is not perfect. A retrospective study of 977 fecal collections taken from 20
stock-type horses wearing a modified fecal collection bag found that individual horse fecal
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collection into the bag (success rate) ranged from 11.03% to 86.82% (Cozzarelli et al., 2019).
Numerous studies have retrieved feces from the floor of pens or stalls but there is a much greater
risk for contamination of the sample with bacteria, bedding, or other debris as well as potential
trampling by horse or handler.
If total fecal collections are not an option, indigestible markers can also be utilized. These
are beneficial because grab samples of feces can be taken to reduce contamination, as well as
overall reduced labor costs. Apparent digestibility can be calculated via indigestible markers by
measuring the concentration of marker in the feed and feces and estimating the disappearance of
marker from the gut. One of the downsides of indigestible markers is that representative
sampling is paramount, as is estimation of the nutrient or marker concentration. Additionally,
this method assumes the complete excretion of the marker.
Indigestible markers can be classified as internal or external markers. Internal markers
are naturally occurring in the diet, while external markers are added to a feed. Some internal
indigestible markers that have been used in equine studies include acid detergent insoluble ash,
acid insoluble ash, indigestible acid detergent fiber, indigestible cellulose, indigestible neutral
detergent fiber, lignin, acid detergent lignin, and n-alkanes. Common external indigestible
markers include chromic oxide, dysprosium, and polyethylene (Sales, 2012). Acid insoluble ash
is the most frequently used internal marker. It is advantageous over other internal markers as it is
simple to analyze and requires no special equipment. The downsides are fecal recovery is often
overestimated and environmental contamination is a concern with feces recovered from the
ground (Julliand and Goachet, 2005; Sales, 2012). Chromic oxide is the most widely utilized
external indigestible marker in equine research with Pereira et al. (1995) noting that chromic
oxide was similar in total tract apparent digestibility irrespective if feces was sampled from the
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floor or per rectum. Unfortunately, there is diurnal variation in fecal chromium which limits its
use if incomplete fecal collections are made. Diurnal variations do not exist in the widely utilized
internal marker, acid insoluble ash (Cuddeford and Hughes, 1990; Sales, 2012); therefore, acid
insoluble ash is still considered the most reliable indigestible marker utilized, which has been
validated with total fecal collection data (Cuddeford and Hughes, 1990).
Numerous studies have compared microbiological diversity and structure of feces to that
of the hindgut (Da Veiga et al., 2005; Hastie et al., 2008; Dougal et al., 2012 and 2013; Schoster
et al., 2013; Sadet-Bourgeteau et al., 2014; Costa et al., 2015) as well as microbiological activity
(Da Veiga et al., 2005; Dougal et al., 2012). It is important to remember that the intestinal tract is
a specialized home to distinct ecological niches that differ in pH, enzymatic digestion, oxygen
tension, and thus, microbial activity but still work in concert with other anatomical regions
(Andersson et al., 2008; Frey et al., 2009; Costa et al., 2015; Ericsson et al., 2016). Differences
in equine intestinal microbiota are well recorded, as discoveries include: bacteria varied greatly
between some compartments with less variation in adjacent compartments; an increasing
diversity was found in bacterial composition as the tract moves distally (Costa et al., 2015); and a
stark contrast in bacterial populations at the ileocecal junction which represents a transitional
zone leading to more uniform bacterial community (Ericsson et al., 2016).
It has been described that the fecal bacterial microbiome shows similarities with the distal
part of the hindgut but presents large differences compared with the proximal portion (Julliand
and Grimm, 2017). This stems from a combination of data that is both culture-based (de
Fombelle et al., 2003; Julliand and Goachet, 2005; Da Veiga et al., 2005; Müller et al., 2008;
Muhonen et al., 2010) and culture-independent (Peter M. Hastie et al., 2008; Dougal et al., 2012;
Dougal et al., 2013; Schoster et al., 2013; Sadet-Bourgeteau et al., 2014; Costa et al., 2015).
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Sadet-Bourgeteau and Julliand (2012) reported that comparing the bacterial structure from the
right ventral colon was not different from the cecum but was different when compared to feces.
This aligned with studies comparing the cecum and right ventral colon (Daly et al., 2001) or the
cecum and pelvic flexure (Schoster et al., 2013), or between the right ventral colon or the pelvic
flexure with feces (de Fombelle et al., 2003; Müller et al., 2008; Faubladier et al., 2013; Schoster
et al., 2013). Some noted differences in feces compared to the right ventral colon including
greater total anaerobic bacterial counts (de Fombelle et al., 2003) and greater concentrations of
lactate-utilizing (Müller et al., 2008) and lactate-producing bacteria (de Fombelle et al., 2003;
Müller et al., 2008; Sadet-Bourgeteau and Julliand, 2012). However, disagreement does exist
between comparison of the right ventral colon and feces (de Fombelle et al., 2003; Peter M.
Hastie et al., 2008; Sadet-Bourgeteau et al., 2011; Dougal et al., 2012). This may be due to
treatment affect, as mentioned previously, or even more simply differences between individuals,
which has also been well documented (Julliand and Grimm, 2016). More recently, Grimm and
associates (2017) proposed that the fecal microbial ecosystem may represent some aspects of the
microbial activity of the proximal hindgut in animals exposed to changes from a high-fiber to a
high-starch diet, including assessing variations in total anaerobes, cellulolytic and amylolytic
bacteria, and lactate utilizers.
Microbial Changes Dependent on Substrate
Similarly to other species, the horse experiences profound changes in their hindgut
microbiome due to diet (Julliand and Grimm, 2017). Although horses have evolved to survive on
grazing alone, increases in energy demands through performance require the addition of
concentrate meals to meet the energy requirements. Current management contradicts the
appropriate equine model of continuous grazing for optimal GIT health by confinement and meal
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feedings of modern diets with larger proportions of non-structural carbohydrates (NSC) which
are often heavy in starch. Too large of a meal greater in NSC can overwhelm the capacity of the
small intestinal starch digestibility and absorption due to the relatively short length of intestine
coupled with smaller secretions of amylase compared to other species and a rapid transit time
(Geor et al., 2013). Starch overload occurs when the diet exceeds 4 g/kg BW of starch per meal,
resulting in poor absorption of starch in the small intestine, allowing starch to enter the cecum
(Potter et al., 1992). Not only is it metabolically more efficient for starch to be metabolized into
glucose by enzymatic hydrolysis than by hindgut fermentation into VFAs (Julliand et al., 2006;
Hoffman, 2009), but dysfunction in the cecum can occur due to starch overload (Kienzle, 1994;
Julliand et al., 2006). As starch in the diet increases and flows into the hindgut, an overgrowth of
amylolytic bacteria occurs with a subsequent lysis of the desired fibrolytic bacterial population
(Julliand et al., 2001; Hoffman, 2009). Although the fermentation of carbohydrates featuring β1,4 linkages generally increases along the length of the digestive tract, fiber digestion decreases
in the presence of starch due to the shift in microbial bacteria (Varloud et al., 2004; Julliand et
al., 2006; Hoffman, 2009). This bacterium shift creates a more acidic environment in the cecum.
A pH of < 6 favors the production of lactic acid which is associated with clinical conditions such
as diarrhea, acidosis, and an increase risk for endotoxemia and laminitis (Julliand et al., 2001;
Hoffman, 2009).
Abrupt Dietary Changes
Equine owners are often warned of risks of colic and/or laminitis if horses are abruptly
transitioned to a new diet. Recommendations are often made to gradually introduce changes in
the type or amount of feed over a gradual period of time. This is true in numerous species that
rely on the microbial populations in their GIT for digestion. In sheep, microbes fully adapted to a
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dietary change after 28 d (Lloyd et al., 1956). Abrupt changes from hay or pasture to high
concentrate rations experienced by cattle transitioning from stocker to feedlot operations are at
risk for hindgut acidosis, with research indicating a transition in 14 d or less resulting in reduced
performance and dry matter intake (Burrin et al., 1988; Owens et al., 1998).
Numerous equine studies have assessed abrupt changes from an all-forage diet to a
concentrate-based diet. Goodson et al. (1988) reported a large increase in amylolytic bacteria 24
h after an abrupt change from 100% chopped alfalfa to an 86.7% ground corn/13.3% soybean
meal diet which decreased after 48 h. A 2001 study by de Fombelle et al. found that, regardless
of the amount of barley abruptly incorporated into a diet, and increase in lactobacilli and
streptococci, in both the cecum and in the colon, occurred 29 h after the diet change.
Additionally, both lactate-utilizing and cellulolytic bacteria were not significantly modified 5 h
and 29 h postprandially. Warzecha (2013) reported that in cecally cannulated horses exposed to
an abrupt addition of either low or high starch diets, bacterial phyla were largely unaffected by
dietary treatment for the first 12 h after the initial concentrate meal except for Verrucomicrobia
(greater horses fed low-starch, P ≤ 0.04). Bacteriodetes increased regardless of treatment (P ≤
0.02) over the first 12 h following the initial addition of dietary starch and an adaptation to
dietary treatments over 7 d resulted in decreased numbers of Tenericutes (P ≤ 0.07) in highstarch fed compared to low-starch fed horses. The author indicated that the cecal environment
and microbial populations were altered after both abrupt and long-term exposure to dietary
starch.
Studies assessing the abrupt changes in the hindgut microbiota between 2 different forage
diets have found no short or long term alterations in cellulolytic, xylanolytic, and pectinolytic
bacterial populations in both the cecum and colon (Muhonen et al., 2008; Muhonen et al., 2009;
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Grimm et al., 2016). Minimal impact on the hindgut microbiota in these studies may be due to
the close similarities in biochemical composition or botanical origin of the utilized forages or the
use of culture-dependent techniques (Julliand and Grimm, 2017).
Alterations Between High-Fiber and High-Concentrate Diets
High-concentrate diets, which are subsequently greater in starch, increased total
anaerobic bacterial concentrations but decreased richness and diversity in cecal and right ventral
colonic bacteria when compared to a high-fiber diet (Hansen et al., 2015). This may be
problematic as animals may be more susceptible to dysbiosis due to a less robust bacterial
ecosystem (Julliand and Grimm, 2017). As one would expect, an increase in amylolytic bacteria
(namely genera Lactobacillus and Streptococcus) would occur in response to greater substrate
availability in the hindgut with a high-concentrate ration (Goodson et al., 1988; Grimm et al.,
2017). As noted previously, bacterial diversity is greater in the ventral colon than cecum (Daly et
al., 2001; Daly and Shirazi-Beechey, 2003) and microbial density is greater in the colon as a
whole vs. cecum (Kern et al., 1974; Julliand et al., 2001; Medina et al., 2002). Unsurprisingly,
increases in amylolytic bacteria were found to be greater in the right colon vs. cecum (de
Fombelle et al., 2001; Julliand et al., 2001; Medina et al., 2002; Respondek et al., 2008; Jouany
et al., 2009; Grimm et al., 2017). These lactate-producing bacteria are subsequently associated
with increased concentrations of lactate (Grimm et al., 2017) but, interestingly, a decrease in
hindgut pH was identified (Jensen et al., 2016) despite an increase in lactate-utilizing bacteria
(Goodson et al., 1988; Julliand et al., 2001; Medina et al., 2002; Respondek et al., 2008; Grimm
et al., 2017) which may predispose a horse fed a high-concentrate diet to hindgut acidosis and/or
laminitis (Garner et al., 1977; Garner et al., 1978). Some researchers have reported a decrease in
concentrations and richness of fibrolytic bacteria which may be due to the hindgut microbial
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ecosystem shift to a greater starch vs. fibrous ration (Goodson et al., 1988; Julliand et al., 2001;
Medina et al., 2002; de Fombelle et al., 2003). Although individual horse differences in the
microbiota of the hindgut are well documented (Hansen et al., 2015; Ericsson et al., 2016;
Julliand and Grimm, 2016; Julliand and Grimm, 2017; Morrison et al., 2018), it was noted that
standard errors for bacterial concentrations in both the colon and cecum were greater in highstarch vs. high-fiber diets (Julliand et al., 2001; Medina et al., 2002). This may suggest that
certain horses are more predisposed to digestive dysbiosis and associated disorders, such as colic
and laminitis (Julliand and Grimm, 2017).
Altering the Microbiome to Improve Digestibility
As discussed previously, abrupt dietary changes, altering diets from a fiber- to starchbased diet, and meal feeding that results in periods of time where the stomach is empty, can all
play a role. Equine digestion can be improved in a variety of ways including feedstuff selection
and processing (Philippeau et al., 2015), forage quality, including species and stage of harvest
(Ball et al., 2015), feeding management, and inclusion of digestive aids or supplements
(Coverdale, 2016). Supplementation is widely advertised in the equine industry with claims such
as muscle building, improved hoof strength, shinier hair coat, and even supplementation that
comes with a colic guarantee or the company pays for colic surgery. However, supplements are
often not thoroughly researched and regulations for the production and labeling of these products
can be lax (Weese and Martin, 2011). Fortunately, research looking into pro- and prebiotics have
been a topic of interest in enhancing digestibility, altering GIT microbial environment, and for
veterinary use in colitis and diarrhea (Weese and Rousseau, 2005; Landes et al., 2008;
Coverdale, 2016). Although there are still many unanswered questions on pro- and prebiotic
supplementation and it can be difficult to compare studies utilizing these additives due to
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variations in basal diet, strain, and bacterial preparation, the addition of pro- and prebiotics into
equine diets is still a potentially beneficial microbiome manipulation strategy to enhance a
horse’s digestibility or efficiency, which may relay reduced feeding costs to producers
(Coverdale, 2016).
Probiotic Function
Probiotics, alternately referred to as direct-fed microbials (DFM), are defined by The
Food and Agricultural Organization and World Health Organization as “live microorganisms
which, when administered at adequate amounts, confer a health benefit to the host” (FOA/WHO,
2002; Coverdale, 2016). Proposed health benefits include modification of the gut microbiota,
competitive adherence to the mucosal epithelium, strengthening of the gut epithelial barrier,
modulation of the immune system (Bermudez-Brito et al., 2012) and the production of
antimicrobial substances including lactic and acetic acids (Rao and Samak, 2013; Schoster et al.,
2014; Stewart et al., 2017). The mode of action of probiotics is most likely multifaceted and not
well understood. Theorists surmise that modulation of signaling pathways may have a cascade
effect through the host. This area of research is currently popular in multiple livestock and
companion animal species, as well as humans. Any benefit indicated in humans or other species
may very well be true in the horse.
Modification of the gut microbiome firstly requires colonization of a probiotic in the
gastrointestinal tract. This may be a unique challenge in the horse, given a probiotic would have
to survive though the acidic stomach environment before eventually reaching the cecum and
colon, the primary sites of fermentation (Al Jassim and Andrews, 2009; Santos et al., 2011).
Promisingly, there has been some evidence of probiotic survival through feces recovery of L.
rhamnosus LGG in both mature horses and foals, as well as (Weese et al., 2003), S. boulardii
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(Desrochers et al., 2005), and S. cerevisiae in mature horses (Medina et al., 2002; Jouany et al.,
2008; Jouany et al., 2009). In order to colonize in a location, bacteria first must be able to adhere
to the epithelial surface. Bacteria that have a positive impact on the host may also enhance the
epithelial barrier upon adherence. If the gastrointestinal epithelium is compromised, bacterial and
food antigens can reach the submucosa, resulting in an enhanced inflammatory response at the
site, or even a leakage of toxins into the bloodstream (Hooper et al., 2001). It has been well
documented in humans and primates that a “leaky gut” can contribute to malabsorption,
behavioral maladies and problems of the central nervous system (Collins and Bercik, 2009;
Stewart et al., 2017). Adhesion of probiotics to gut epithelial cells can induce the release of
defensins, which are small peptides that are active against other bacteria, viruses, and fungi.
Defensins also assist in stabilizing gut barrier function and assisting in the repair of damaged
cells (Kagan et al., 1990; Hummel et al., 2012). Probiotics can also stimulate the secretion of
mucins that improve barrier function and exclude pathogenic bacteria (Bermudez-Brito et al.,
2012).
The competitive exclusion of pathogenic microorganisms may maintain epithelial barrier
integrity and prevent immune assaults to the host. Competitive exclusion methodologies vary
bacterium to bacterium but may include: creation of a hostile microecology, elimination of
available bacterial receptor sites, production and secretion of antimicrobial substances and
selective metabolites, and competitive depletion of essential nutrients (Rolfe, 1991; BermudezBrito et al., 2012). For example, organic acids, such as lactic and acetic acid, are common
byproducts of bacterial metabolism. Although large quantities of these may be detrimental to
some bacteria by altering the pH intracellularly and resulting in death, others use these
byproducts as a substrate (Kühbacher et al., 2006). Probiotic bacteria can interact with epithelial
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cells, dendritic cells, monocytes, macrophages, and lymphocytes. This results in suppression of
intestinal inflammation and the presence of pathogenic bacteria. One proposed mechanism of
action is a downregulation of toll-like receptor expression, thus secreting metabolites that inhibit
tumor necrosis factor-α from entering the enterocyte or blood (Gomez-Llorente et al., 2010;
Bermudez-Brito et al., 2012).
Probiotic Use in Equine
Saccharomyces cerevisiae has been the most widely studied probiotic utilized in the
equine with mixed results (Coverdale, 2016). Webb et al. (1985) did not find any differences in
energy and CP digestion in mature horses supplemented with SC yeast culture. Although Glade
and Biesik (1986) did not report a dosage, they found improved hemicellulose digestion in
yearlings fed SC for 21 d. When supplemented for 56 d with a 20 g/d dose of SC, mature mares
in late gestation/early lactation saw improved digestibility of DE, CP, cellulose, hemicellulose
(HEMI), and increased milk production with greater concentrations of energy, sugars, lipids, and
protein (Glade, 1991b). When the same mares continued supplementation to 84 d, they saw
improvements in digestibility of DM, DE, NDF, ADF, CP, Ca and P (Glade, 1991a). Medina et
al. (2002) utilized 8 crossbred mature geldings cannulated at both the cecum and colon for a 31-d
study supplementing 10 g/d dose of 4.5 x 109 cfu/g (avg. 45 billion cfu/d) and found an increased
concentration of yeast cells, an increase in cecal pH, and a decrease in cecal lactic acid. A study
utilizing the same horses was conducted with the same dosage and 31-d supplementation period
and found that SC improved ADF digestibility while increasing DM and NDF intake (Jouany et
al., 2008). Four cannulated horses were utilized by Jouany et al. (2009) for a 25-d study using the
same dosage as previously described. They reported that SC improved solid adherent bacteria
carboxymethyl cellulose, β-D-cellobiosidase, and β-D-glucosidase and greater SC concentrations
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in the cecum in supplemented horses. They concluded that because most enzymes involved in
plant cell wall digestion were increased with SC supplementation, this feed additive may be
responsible for better fiber digestion (Jouany et al., 2009). Furthermore, SC supplementation did
not affect other apparent digestibility parameters, the microbial profile of feces, or fecal pH.
Interestingly, no significant differences in apparent digestibility, fecal SC population, and fecal
VFA concentrations were reported by Mackenthun et al. (2013) when supplementing SC. They
utilized mature geldings supplemented for 21 d with either 1 or 3 g/d doses of 2 x 1010 cfu/g
(avg. 20 billion or 60 billion cfu/d). This may be due to location (Jouany et al. and Medina et al.
in France while Mackenthun et al. was in Germany) or strain, as the latter utilized SC CNCM I1077 (Levucell SC20, Lallemand Animal Nutrition, Blagnac, France), whereas strain SC CBS
493.94 (YEA SACC1026, Alltech, Dunboyne, Ireland) was investigated in other equine studies
(Medina et al., 2002; Jouany et al., 2008, 2009). The use of different strains might explain the
different results seen between these studies as SC activity has been proven to be strain
dependent. For instance, Newbold et al. (1996) demonstrated that some SC strains utilize oxygen
in the rumen fluid (SC NCYC 240), while other strains fail to affect oxygen consumption (SC
NCYC694). Faubladier et al. (2013) also assessed SC CNCM I-1077 and concluded that this
strain may be beneficial to transportation-stressed horses because supplemented animals had
greater bacterial diversity than control. It is thought that greater bacterial diversity confers a
benefit to the host (Kühbacher et al., 2006; Hansen et al., 2015) by stabilizing the microbiota
from assault due to stress or dietary changes. More recently, Taran et al. (2016) reported that SC
(strain Y-904, Equihealth-Yes Sinergy®, AB Vista, Jandaida do Sul, Brazil) did not increase
total GIT apparent digestibility in high-roughage diet horses but actually reduced CP apparent
digestibility in high-concentrate diet horses supplemented with 20 and 30 g (5 x 108 cfu/g; avg.
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10 and 15 billion, respectively). These studies help highlight and solidify that different strains of
SC have different effects on the host and may hold true for bacterial species found in other
probiotics.
Alternative probiotic strains besides SC have also been studied in the horse. Swyers et al.
(2008) supplemented 2 different probiotic supplements to mature geldings for 26 d in a 3 x 3
Latin square design (including 1 control with no probiotic supplemented) to understand the
effects of supplementation on digestibility and fermentation end-products in horses on low- and
high-starch concentrates. The preparation included 108 cfu/50 kg BW/d of L. acidophilus or an
even blend of L. acidophilus, L. casei, B. bifidum, and E. faecium at 108 cfu/50 kg BW/d. They
reported an effect of starch level (P ≤ 0.02) on most nutrient digestibilities except for CP, K, Mg,
and Zn. The mixed probiotic supplement had increased ether extract (P < 0.05) digestibility and a
tendency for decreased Na (P < 0.10). Both probiotic formulations resulted in increased Cu and
Fe. Additionally, there was a tendency for elevated fecal pH (P < 0.10) in horses supplemented
with the single-strain probiotic than control animals. They concluded that although dietary
supplementation with a single or mixed strain had limited effects on nutrient digestibility,
studying these strains may confer a benefit to horses with hindgut acidosis (Swyers et al., 2008).
An in vitro study by Elghandour et al. (2018) reported that supplementation with L. farciminis
(SAFI-SIS, Toluca, Mexico) with a substrate containing 50% oat straw and 50% of a commercial
concentrate and fermented for up to 48 h resulted in increased fecal gas kinetics. When
supplemented in a dose-dependent manner, incorporation of L. farciminis reduced pH linearly (P
= 0.03) and resulted in greater metabolizable energy values (P = 0.001). They recommended an
addition of this strain at a dietary rate of 2 to 6 mg/g DM and that it would be of interest to study
in vivo.
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Prebiotic Function
Prebiotics were defined in 1995 by Gibson and Roberfroid (1995) as “non-digestible feed
ingredients that beneficially affect the host by selectively stimulating the growth and/or activity
of one for a limited number of bacteria, and thus improves host health.” Prebiotics are inert in the
fact that the host itself is incapable of directly metabolizing the product, but the microbes of the
gastrointestinal tract utilize the substance, therefore garnering benefit to the host. Prebiotics are
commonly carbohydrates, but may also be compounds such as polyphenols and polyunsaturated
fatty acids that are transformed into their corresponding conjugated fatty acids (Markowiak and
Ślizewska, 2018). In 2009, Wang defined food components as needing to meet 5 criteria to be
classified as a prebiotic: 1) the substance must be resistant to digestion in the upper sections of
the GIT, 2) they must reach the large intestine to be selectively fermented by potentially
beneficial intestinal bacteria, 3) fermentation may lead to changes in metabolism, such as
improved immunological response, that benefits the host, 4) must selectively stimulate the
growth of probiotic bacteria, and 5) must be stable in various food processing conditions (Wang,
2009).
Some commonly utilized prebiotic preparations are inulin, scFOS, inert SCFP, inert L.
acidophilus, transgalactooligosaccharides, glucooligosaccharides, and lactulose, to name a few
(Tuohy et al., 2003; Coverdale, 2016; Markowiak and Ślizewska, 2018). These are often derived
from legumes, fruits, and cereals or synthesized using industrial chemical or enzymatic methods
(Orban et al., 1997; Markowiak and Ślizewska, 2018). The mechanism of action of prebiotics is
thought to mainly be modulation of the gut microbiota by stimulating the growth of beneficial
bacteria or competitive adherence. In humans, multiple host benefits of prebiotic
supplementation have been reported, including alleviation of constipation, treatment of hepatic
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encephalopathy, preventing or decreasing severity of gastrointestinal disturbances, increase in
bioavailability of minerals, and even regulating metabolic disorders related to obesity (Marteau
and Boutron-Ruault, 2003; Charalampopoulos and Rastall, 2012). However, in livestock the
primary focus has been on stimulating beneficial bacteria in the gastrointestinal tract vs.
treatment of a disorder, except for studies on diarrhea in pigs (Markowiak and Ślizewska, 2018).
This has most often been evidenced in increasing Bifidobacterium counts. Smiricky-Tjardes et al.
(2003) administered transgalactooligosaccharides to pigs and found a significant increase of
fecal Bifidobacterium and Lactobacillus. Tzortizis et al. (2005) used a novel blend of
glucooligosaccharides derived from galactosyl transferase in Bifidobacterium bifidum 41171
bacteria administered to pigs. They reported increases in Bifidobacterium count and of acetic
acid level, with simultaneous reduction of intestinal pH, compared to the control group. The
studied blend of oligosaccharides also caused a strong inhibition of adhesion of EC and
Salmonella enterica, which evidences both simulation of beneficial bacteria and competitive
exclusion of pathogenic bacteria.
Prebiotic Use in Equine
Commonly used prebiotics have stimulatory effects on lactic acid bacteria such as
lactobacilli, bifidobacteria, and enterococci. When these bacteria are inert or nonviable and fed to
confer a benefit, they are considered to be prebiotics (Coverdale, 2016). Booth et al. (2001a,
2001b) conducted studies supplementing a nonviable liquid L. acidophilus microbial supplement
of unknown cfu/mL (Horse-Bac®, TransAgra International Corporation, Chicago, IL) to both
sedentary and exercising horses. Although supplementation in sedentary horses had little effect
on bacteria that degrade lactate and produce propionate, they did find a significant (P < 0.0001)
decrease in butyrate with increases in supplement dosages (0, 10, 20 mL; Booth et al., 2001a). In
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horses conditioned for 5 d/wk for 5 wk before performing a standardized exercise test to
exhaustion, supplemented horses had less (P < 0.01) EC in cecal samples but a slower
degradation of cecal lactic acid (P < 0.001) and a reduced (P < 0.0001) potential to produce
propionic and butyric acid. Additionally, although time to fatigue was not different between
treatments (0 vs. 20 mL supplementation), supplemented animals had greater (P < 0.06) plasma
lactate and glucose concentrations. Morgan et al. (2007) found that supplementation of SCFP to
mature horses at a rate of 56 g/d improved digestibility of lower-quality (8.1% CP, 75.3% NDF,
37.6% ADF) Russell bermudagrass (Cynodon dactylon), as well as increased digestibility of
higher-quality (13.1% CP, 73.1% NDF, 35.3% ADF) hay of the same species. When feeding a
SCFP to mature, cecally cannulated geldings for 14 d, Hall and Miller-Auwerda (2005) reported
an increase in cecal pH 4 h postprandial.
Besides equine prebiotic research studying SCFP, scFOS have also been of interest
(Coverdale, 2016). Short-chain fructooligosaccharides are produced by the transfructosylation of
sucrose and are composed of a molecule of glucose linked to 1 to 4 molecules of fructose
(Respondek et al., 2008). These have been found to simulate bifidobacterial and lactobacilli
populations which hydrolyze the β 1,2 bonds found in scFOS (Respondek et al., 2008;
Coverdale, 2016). This results in greater VFA production, reduced pH, and decreased pathogenic
bacterial populations in humans and rats (Gibson and Wang, 1994; Campbell et al., 1997;
Bouhnik et al., 1999; Coverdale, 2016). Interestingly, Bifidobacteria have not been enumerated
in the digestive tract of horses (Daly and Shirazi-Beechey, 2003; Berg et al., 2005; Respondek et
al., 2007) which may be similar in what happens to dogs, where Bifidobacteria are not always
determined via classical culture methods (Greetham et al., 2002). However, the prebiotic effect
that scFOS on the microbiota of the GIT can still be shown in strains of lactobacilli (Reid, 1999).
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Berg et al. (2005) fed scFOS at rates of 0, 8, or 24 g/d to yearlings at maintenance for 10
d in a 3 x 3 replicated Latin square. Although the presence of fecal Bifidobacteria were unable to
be confirmed, supplementation of scFOS resulted in a linear increase in pH, total VFA, and
concentrations of lactate, acetate, propionate, and butyrate. Respondek (2007) found that in
ponies receiving 1% scFOS in the diet for 21 d there was an increase in total stomach bacteria, as
well as streptococci and lactate-utilizing bacteria. The lactate concentration remained the same
despite a rise in pH, pointing to a balance between the lactate utilizing and producing bacteria.
However, it is important to note that an elevated stomach pH may predispose a horse for gastric
ulcers (Andrews and Nadeau, 1999). In the right ventral colon, cellulolytic bacteria were not
modified but the total count of anaerobic bacteria and streptococci tended to decrease while
lactate-utilizers tended to increase. Although it is not known in this study if the scFOS reached
the hindgut, this alteration in bacterial populations may be due to daily scFOS supplementation
or an indirect effect due to the arrival of bacteria stimulated in the upper portion of the GIT
(Fuller et al., 1978; Respondek et al., 2007). An additional study conducted by Respondek et al.
(2008) supplemented right ventral colon and cecally cannulated geldings with 30 g/d of scFOS
(PROFEED P95, Be´ghin-Meiji, Marckolsheim, France, 95% of scFOS with molecular chain
length from 3 to 5) for 21 d before a sudden dietary change to barley calculated to provide 0.28%
BW/starch (Sauvant et al., 2004). The abrupt barley addition caused substantial changes to
control colonic microflora such as increases in Lactobacillus and Streptococcus populations
which was not experienced in scFOS animals. Additionally, D-lactate in the colon increased in
control animals but not supplemented ones, which indicates that scFOS supplementation is
effective in reducing microbial population disruptions caused by acute starch overload
(Respondek et al., 2008). A 2010 study by Gürbüz et al. found no differences in scFOS
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supplementation on nutrient digestibility, pH, VFA compositions, and immune function. A more
recent in vitro study examined the buffering capacity of a marine-derived, multimineral
supplement containing scFOS (EquMin Plus, Marigot Limited, Cork, Ireland) in simulated
stomach and hindgut environments. Moore-Colyer et al. (2014) reported a positive buffering
effect during in vitro foregut digestion and slightly impacted early fermentation in in vitro
hindgut digestion.
Short-chain Fructooligosaccharides—A Solution to Equine Metabolic Syndrome?
In recent years, producers and veterinarians have noticed anecdotal evidence of obesity as
a growing problem in equine populations (Carter et al., 2009). Equine metabolic syndrome
(EMS) has been used to describe phenotypic characteristics of animals that may be at greater risk
for laminitis, with central components including increased adiposity (generalized obesity or
regional adiposity; namely, the neck crest), hyperinsulinemia, and insulin resistance or ID.
Insulin dysregulation is often described as being glucose intolerant and refractory to the action of
insulin. This implies that skeletal, adipose, and liver tissue is relatively insensitive to the
presence of insulin and/or the quantity released by pancreatic β-cells in response to
hyperglycemia (Laasko, 2001; Johnson, 2002).
Numerous factors have been found to influence EMS and subsequent ID including
management, environment, age, and genetics (Kaczmarek et al., 2016). Although phenotypically
obese horses are often noted as having ID, this disorder has been identified in non-obese horses
(Bamford et al., 2014). This may occur in horses that have become adapted to diets high in NSC
and maintain a fleshier BCS throughout the year, such as show horses (Neto et al., 1998; Treiber
et al., 2006; Hoffman, 2009; Bamford et al., 2014). In both adult (8.8 ± 2.9 years) and aged (20.6
± 2.1 years) horses, insulin sensitivity was greater in horses fed either a starch-added or dextrose30

added diet compared to hay and restricted starch and sugar fortified pellets (Jacob et al., 2018).
The acute response to glucose was greater in aged versus adult horses (Jacob et al., 2018) but it is
important to note that pituitary pars intermedia dysfunction, which typically occurs in horses
over the age of 15, is not always associated with impairments in insulin sensitivity (Mastro et al.,
2015). Although it has been found that geldings have greater resting insulin than mares (PrattPhillips et al., 2010), a specific link between sex and predisposition to ID has not been proven.
Breed has been noted to play a role in predisposition to develop EMS through alterations in
insulin dynamics. Some breeds predisposed include Andalusians, Arabians, Crioulos, Morgans,
Paso Finos, draught draft and cob types, Tennessee Walking Horses, Quarter Horses,
Warmbloods and ponies (Martin-gimenez et al., 2016; Frank and Walsh, 2017; Cantarelli et al.,
2018; Durham et al., 2019).
Although there are known managerial interventions to combat obesity and mitigate the
effects of EMS and associated ID, such as reducing NSC intake and increasing exercise,
supplementation with scFOS has been shown to improve insulin sensitivity in obese populations
of humans (Genta et al., 2009), dogs (Respondek et al., 2008), rodents (Kaume et al., 2011), and
recently, horses (McNabney and Henagan, 2017). Respondek et al. (2011) supplemented 45 g/d
of scFOS to obese Arabian geldings and found that after 6 wks of supplementation insulin
sensitivity was increased and the acute insulin response to glucose was decreased. There was no
effect of scFOS supplementation on plasma glucose. This finding gives promise to the use of
scFOS for managing obese horses however further investigation is needed to the mechanism
behind the mode of action.
The gold-standard techniques for identifying ID include the use of the frequently sampled
IV glucose tolerance test or a hyperinsulinaemic-euglycaemic clamp (Mehring and Tyznik, 1970;
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Rijnen and van der Kolk, 2003). These techniques are laborious so in-feed glucose tests (OGT)
and the oral sugar test (OST) have been studied and touted for their ease of use and on-farm
capabilities (Smith et al., 2016). The OGT requires 1g/kg BW glucose powder while the OST
requires 0.15mL/kg BW (Schuver et al., 2014) Karo® light corn syrup (ACH Food Companies,
Inc., Memphis, TN). The presence or absence of a fasting period is of consideration prior to
testing. A 48-h fasting period has been known to induce increased glycemia and insulinemia than
24-h fasting (Neto et al., 1998). Additionally, fasting exacerbates the insulin response when
compared to ponies maintained on pasture (Knowles et al., 2017) and fasting a horse for at least
3 h is recommended for the OST but not recommended for a glucose/insulin ratio or insulin
response test (Bertin et al., 2016). Numerous studies have agreed on the repeatability and
reliability of these tests (Smith et al., 2016; Frank and Walsh, 2017) but do note wide ranges in
insulin concentrations among the studied sample.
Due to the phenotypic presentations associated with EMS and ID, morphometric neck
measurements have been of interest in serving as an easy, user-friendly method to determine a
horse’s predisposition. These measurements often include neck circumference at 25%, 50%, and
75% of neck length (poll to wither) and neck crest either measured from hairline to tissue above
the ligamentum nuchae (via palpation and visual assessment) at 50% neck length or by assigning
a cresty neck score (0 to 5) based on visual crest adiposity (Carter et al., 2009; Martin-gimenez et
al., 2016; Cantarelli et al., 2018). Research on a variety of breeds reported that crest height has
an association with insulin (r ≥ 0.40, P < 0.5; Carter et al., 2009) and neck crest height and
circumference at 25% neck length is greater in obese versus moderate body condition score
Crioulo horses (crest height, P = 0.0013: 10.4 ± 0.7 and 7.5 ± 0.5 cm, respectively;
circumference, P = 0.0248: 111.5 ± 1.2 and 103.1.3 cm, respectively; (Cantarelli et al., 2018). In
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the Andalusian, neck crest showed significant sexual dimorphism and did not correlate well with
hormonal measurements. However, ultrasonographic measurement of subcutaneous fat thickness
at 75% neck length correlated well with insulin and did not show differences between males and
females (Martin-gimenez et al., 2016).
Synbiotics
In 1995 Gibson and Roberfroid introduced the term “synbiotics” calling it “a mixture of
probiotics and prebiotics that beneficially affects the horse by improving the survival and
implantation of live microbial dietary supplements in the GIT, by selectively stimulating the
growth, activating the metabolism of one or a limited number of health-promoting bacteria, or
both, and thus improving host welfare” (Greetham et al., 2002; Markowiak and Ślizewska,
2018). The word “synbiotic” implies synergy of a prebiotic selectively favoring a probiotic
microorganism (Cencic and Chingwaru, 2010). Although when assessing various livestock
studies research agree synbiotics provide a better efficacy than separate application of prebiotics
and probiotics. Synbiotic research in the horse is limited (Coverdale, 2016; Markowiak and
Ślizewska, 2018). Landes et al. (2008) sought to determine if fecal sand clearance could be
enhanced with synbiotic supplement including added psyllium. Consuming sand and dirt
alongside feed can cause chronic diarrhea, weight loss, and even colic, often referred to as “sand
colic.” Although psyllium is commercially available to assist in fecal sand clearance, research
has not been published in this area. Landes et al. (2008) fed a prebiotic-probiotic mixture of SC,
L. acidophilus, and E. faecium with 88% to 99% psyllium (200-204 g) for 35 d. They reported
fecal sand output increased (P < 0.01) by d 4 of supplementation and remained increased through
d 31. This demonstrated that the synbiotic preparation may be a useful prophylactic in clinically
normal horses. Coverdale et al. (2013) fed a probiotic comprised of 2.3 x 106 cfu/kg feed (avg.
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6.5 million cfu/d) of L. acidophilus, L. casei, B. bifidum, and E. faecium with 14 g/d SCFP
(Original XPC, Diamond V, Cedar Rapids, IA) to mature geldings at maintenance. They found
that apparent digestibility of DM, OM, CP, and gross energy were not influenced by diet, but
NDF and ADF tended to be greater (P = 0.13) in supplemented diets. Gordon et al. (2013)
supplemented horses with 100% NRC (2007) values of minerals including sulfate forms of Cu,
Zn, Mn, and Co; organic Se in the form of sodium selenite; and additional feed additives
including XPC Yeast Culture (Diamond V, Cedar Rapids, IA) formulated to provide min. 10 g/d;
MicroSource (DuPont, Waukesha, WI), an undisclosed strain of DFM providing a min. of 1 x
109 cfu/d; and MicroAid (DPI Global, Porterville, CA) Yucca schidigera extract formulated to
provide 750 mg/d. They reported no effect on nutrient digestibility due to the supplement utilized
and noticed greater concentrations of various minerals in the serum and whole blood of control
vs. supplemented animals.
The equine GIT is a diverse, dynamic microbial ecosystem that is sensitive to changes in
diet and environment. Although there have been reported benefits due to probiotic
supplementation in equids, results vary depending on the strain utilized (Medina et al., 2002a;
Jouany et al., 2008; J.P. Jouany et al., 2009; Mackenthun et al., 2013) and are difficult to
compare due to the use of different diets. Additionally, research on prebiotics also show promise
as a feed additive, but research on scFOS is scarce compared to SCFP (Coverdale, 2016). By
understanding the microbial changes occurring due to these feed additives, researchers can make
more informed decisions on enhancing the scientific body of nutrition knowledge and how these
microorganisms impact them.
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CHAPTER III
DIRECT-FED MICROBIAL SUPPLEMENTATION ON APPARENT NUTRIENT
DIGESTIBILITY AND FECAL MICROBIAL ISOLATES IN THE
SEDENTARY HORSE
Introduction
Equine producers are faced with multiple challenges when it comes to feeding horses.
The equine diet must provide enough energy to fuel performance and metabolism while
maintaining a minimum fibrous portion to promote gastrointestinal and whole-body health. This
is achieved by supplementing grain with a higher quality hay, which can be variable but
determined by CP and NDF, in comparison to other livestock species (USDA, 2003; Morgan et
al., 2007b; Kellems and Church, 2010).
Direct-fed microbials, or probiotics, are living microorganisms that are thought to offer a
benefit to the host when supplemented in certain quantities (Stewart et al., 2017). The use of
DFM has been studied in both clinical and applied settings to treat or prevent disease or to
impact the microbial population of the hindgut. However, mixed results exist as to its efficacy.
Jouany et al. (2008) and Glade (1991a; 1991b) found that supplementation of SC improved
digestibility of ADF, DM, NDF, and CP in the horse while others reported no differences (Webb
et al., 1985; Mackenthun et al., 2013). Morgan et. al (2007) found that SCFP supplementation
improved digestibility of lower-quality bermudagrass in mature horses. However, it is important
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to note that SCFP are prebiotics and have a different mechanism of action compared to DFM
(Coverdale, 2016).
Due to variations in previous research results supplementing DFM to horses, further
exploration of the potential benefits of DFM in the equine diet is warranted. Thus, the objectives
of the present study were to determine if DFM supplementation is beneficial to digestibility and
to identify the top 3 fecal microbial isolates in the sedentary horse.
Materials and Methods
Stock-type mares (n = 6) and geldings (n = 2) owned by the Mississippi State University
Department of Animal and Dairy Sciences were used in a 4 x 4 Latin square study with
replication lasting 168 d. Each experimental replication consisted of a 21-d washout period
followed by a 21-d treatment period. Horses ranged in age from 5 to 14 yr (8 ± 3.24), had an
average BW of 494.65 ± 53.47 kg, and an average BCS of 5.50 ± 0.95 (Henneke et al., 1983).
Horses were selected based on breed, health, and classification as a mature horse (NRC, 2007).
Horses were vaccinated prior to the study and were dewormed every 84 d with 1.87% Ivermectin
paste (Durvet, Blue Springs, MO) immediately following the 72-h total fecal collection while
horses began the next washout period. During washout periods, horses were group housed in a
0.405 ha unmanaged native grass pasture. Horses were individually housed in 3.65 x 3.65 m
matted stalls during treatment periods and were hand walked for 10 min 3 times/wk. Throughout
the study, horses were managed in accordance with protocol IACUC-16-356, with procedures
approved by the Mississippi State University Institutional Animal Care and Use Committee.
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Dietary Treatments
Washout Diet
Horses were offered ad libitum access to water and a mixed bahiagrass (Paspalum
notatum) and bermudagrass (Cynodon dactylon) round bale. Although the source of hay and
cuttings were varied, all horses were on the same washout hay during each washout period
(Table 3.1). Horses were separated into individual pens and offered 0.5% BW/d control (CON)
grain divided into 2 equal feedings at 0700 and 1900 h. After meal completion, horses were
turned back out into a group.
Treatment Diets
Hay quality was determined based on Morgan et al. (2007) and the revised 2003 USDA
hay quality designations (USDA, 2003). In the present study, HQ was defined as alfalfa
(Medicago sativa) with 20.6% CP and 43.4% NDF on a DM basis. Low quality hay was defined
as bermudagrass (Cyandon dactylon) mix with 7.1% CP and 76.7% NDF on a DM basis. Both
HQ and LQ hay lots were homogenous and harvested during the same cutting. Horses were fed
1% BW/d of either HQ or LQ.
Concentrate diets were formulated to meet requirements for mature horses with the only
different variable being the presence (DFM) or absence (CON) of probiotics (NRC, 2007). Both
concentrates were formulated by Cooperative Research Farms (Richmond, VA). Horses were fed
0.5% BW/d of either CON or DFM. During the first 6 d of each treatment period horses were
gradually transitioned to their respective treatment concentrate. The DFM grain consisted of an
even blend containing Lactobacillus acidophilus, Lactobacillus casei, Bifidobacterium
thermophilum, Enterococcus faecium, and SC at a rate of 25.1 x 109 cfu/g of grain. On average,
horses on DFM treatment consumed 62.1 x 1012 cfu/d.
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Horses were fed 1 of 4 diets divided into 2 equal feedings at 0700 and 1900 and had ad
libitum access to water. Dietary treatment combinations included CON or DFM grain and HQ or
LQ hay (Table 3.2). Whole diets consisted of 67% hay and 33% grain.
Hay and grain samples were processed at the H. W. Essig Nutrition Lab in the James W.
Scales building at Mississippi State University (Starkville, MS). Hay samples were obtained
using a drill-type hay core sampler and were homogenized and sub sampled. Grab samples of
grain were taken when each new batch was received and if grain was refused. Grain refusals
were limited in occurrence and samples were not compositionally different. Hay and grain
samples were homogenized, and a sub sample tested. Proximate analysis for DM, CP, NDF,
ADF, ether extract (EE), and ash was performed in accordance with AOAC (2016).
Hemicellulose was determined by subtracting ADF from NDF. Non-structural carbohydrates
were determined by subtracting ash, CP, NDF, and EE from 100. Organic matter was determined
by subtracting ash from 100. Digestible energy was determined by the formula developed by
Pagan (1998).
72 h Total Collection
Feces
During the last 72 h of each treatment period, a total fecal collection was performed to
analyze apparent digestibility. Horses were equipped with modified fecal collection bags to
prevent environmental contamination (Cozzarelli et al., 2019). Fecal collection bags were
emptied at 0100, 0700, 1300, and 1900 h and feces were weighed and homogenized. Any feces
remaining on the stall floor mats were recorded but kept separate from manure obtained from
collection bags. The weight of all feces was totaled, and a 5% representative sample was
removed from feces obtained from the collection bag. Samples were dried at 70°C for 48 h to
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obtain approximately 90% DM weights. Samples were stored in Ziploc® (S. C. Johnson & Son,
Racine, WI) bags until being ground through a Wiley Mill with a 4mm screen (Thomas
Scientific, Swedesboro, NJ). Feces were analyzed for the same nutrients as feed samples utilizing
the same methodology.
Water
Water intake was monitored throughout the duration of the 72 h total collection. Horses
were allowed ad libitum access to bucketed water. Water buckets were weighed, cleaned,
emptied, and reweighed at 0100 and 1300 h.
Fecal Analysis
Culture-Dependent
Fresh per rectum fecal samples were collected at the end of each washout and treatment
period for analysis of aerobic enteric bacteria prevalence and sensitivity. Samples were taken in a
staggered manner over the course of 2 d, with 2 horses sampled at 0800 h and 2 different horses
sampled at 1300 h. Horses were placed in stocks for the procedure. A sterile, inverted palpation
sleeve was inserted per rectum to collect a fresh fecal ball. Lubricant was not utilized to prevent
contamination or detriment to bacterial specimens. There were no incidences of rectal tears,
lethargy, or fever resulting from fecal collection. Samples were immediately placed in a Ziploc®
plastic bag and transported to the laboratory within 1 h of collection.
Bacterial fecal analysis was performed by The College of Veterinary Medicine
Diagnostic Laboratory Services (Starkville, MS), an accredited laboratory through the American
Association of Veterinary Laboratory Diagnosticians. Fecal specimens were plated on blood,
MacConkey, and Columbia CNA (colistin and nalidixic acid) agar for enumeration. Five g of
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feces were initially diluted in normal saline. One microliter and 10 μL were plated to determine
cfu/ml. Cultures were incubated at 37°C in 5 % CO2 for 48 h. The top 3 isolates were
phenotypically identified and the sensitivity determined using a Sensititre I. D. system (Thermo
Fisher Scientific, Oakwood Village, OH), API 20e (bioMérieux, Durham, NC), or Baxter Micro
Scan (Baxter Micro Scan Systems, West Sacramento, CA) procedure depending on the isolate(s).
16S rRNA Analysis
Sample preparation and storage was conducted based on modified procedures by
Zoetendal et al. (1998; 2001) and Decroos et al. (2005). Three g of fresh feces was transferred
into a sterile 50 mL Falcon™ tube (Corning Inc., Durham, NC). Five mL of PBS 1 x 0.0067 M
(PO4) (Hyclone Laboratories, Logan, UT) were added and the tubes were vortexed using a
Vortex-Genie 2 (Scientific Industries, Inc., Bohemia, NY) at setting 10 for 1 min. Samples were
centrifuged at 4°C at 2500 rpm for 10 min. After removal from the centrifuge, a 250 µL aliquot
of the supernatant was pipetted into a 2 mL screw cap cryogenic vial (Axygen Scientific, Union
City, CA) in duplicate and stored at -80°C until shipment.
Samples were shipped on icepacks to Admera Health (South Plainfield, NJ) for DNA
extraction and 16S rRNA sequencing using the Floracheck™ (Admera Health) Mammalian
assay to determine the V3 and V4 hypervariable regions. The raw sequencing data set was
processed to remove adaptor and low-quality bases, then chimera sequences were discarded by
using QIIME pipeline (Caporaso et al., 2010) to obtain the final effective sequence data. was
removed in order to get effective data set to pick OTU clusters (97% identical). Quality filtering
of raw sequencing data was performed by using FASTP version 0.19.5 (Chen et al., 2018) to
discard low quality bases or reads. To merge reads, PEAR version 0.9.6 (Zhang et al., 2014) was
utilized and the number of overlap bases was at least 20.
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Statistical Analysis
Data were analyzed using PROC MIXED in SAS 9.4 (SAS Institute, Cary, NC, 2015).
The model included horse, period, diet, and period x diet interaction. Response variables were
DM, CP, NDF, ADF, HEMI, EE, NSC, EE, ash, OM, and DE. Horse within diet was included as
a random variable. Differences were separated using least squared mean differences. PROC
UNIVARIATE was utilized to determine outliers via ROBUSTSCALE and following the 1.5 x
Interquartile Range Rule. If outliers were present, they were removed. Differences were
considered significant when P ≤ 0.05 and a tendency when 0.05 < P ≤ 0.10.
Statistical analysis of the 16S rRNA data was conducted by Admera Health. For alpha
diversity, the Shannon Diversity Index (mothur in R; R Core Team, 2013) was utilized. For beta
diversity, analysis of similarities (ANOSIM) was performed by using the R package ‘vegan’
version 2.5-3, and to determine differentially abundant taxa, the non-parametric t-test procedure
from Metastats (Center for Bioinformatics and Computational Biology, College Park, MD) was
used.
Results and Discussion
Apparent Digestibility
The apparent digestibility between hay qualities is represented in Table 3.3. There were
no differences or tendencies among diets when comparing CON and DFM, except for CP when
comparing HQ + CON vs. HQ + DFM (P = 0.06). For NDF, ADF, EE, and NSC digestibilities
there were no differences within hay quality regardless of grain treatment. In analysis of data,
period was significant for DM (P = 0.05) and HEMI (P = 0.04). There was a period by diet
interaction for OM (P = 0.03) and ash (P = 0.02). There should be no physiological reason for a
period or period by diet interaction. To assess if an interaction was present without period being
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a factor, period was removed from the model and diet was separated out into hay and grain
fractions (Table 3.4). In this way, interactions due to hay or grain could be specifically analyzed.
The apparent digestibility of CP for HQ diets was similar to those reported by Cuddeford
et al. (1995) for 100% alfalfa diets fed to Thoroughbreds. Hay utilized in that study tested at
40.1% for NDF, 31.7% for ADF, and 17.1% for CP with an apparent digestibility of 77%.
Previous studies indicate mixed results of the enhancement in CP digestibility when horses were
supplemented with probiotics. Glade (1991a) reported greater CP digestibility in SCsupplemented gestating Thoroughbred mares fed a 14.40% CP diet during the 11th mo of
gestation (59.4 ± 0.7 vs. 66.2 ± 0.4%; control vs. SC supplemented) and 4 wk post-foaling (57.8
± 0.5 vs. 65.8 ± 0.4%; control vs. SC supplemented). It was thought that SC supplementation
decreased net endogenous fecal excretion of N. Net fecal N excretion decreases in horses as
fermentability in the diet increases, thus indicating that a decrease in net endogenous fecal N
excretion most likely reflects increased resorption of N along the lower digestive tract (Slade et
al., 1970; Prior et al., 1974; Glade, 1984; Glade, 1991a). On the other hand, numerous other
studies reported no significant increase in CP digestibility when horses were supplemented with
SC (Coverdale et al., 2007; Morgan et al., 2007b).
Results of the present study indicate that in the presence of larger quantities of CP, such
as seen in HQ, DFM increases CP apparent digestibility. Supplementation of DFM may decrease
net endogenous fecal N, as seen by (Glade, 1991a). Nyachoti et al. (1997) reported that increased
production of net endogenous fecal N implied an increase in gut protein turnover, increased
transport of digestion products across the gut, and increased rate of blood flow through tissues,
which increases energy demands for the animal (Lobley et al., 1980; Black and de Lang, 1995).
Therefore, decreasing net endogenous fecal N losses may indicate a more efficient animal with
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decreased maintenance energy and AA requirements than an animal without probiotic
supplementation (Nyachoti et al., 1997).
Both NDF and ADF are important analytical tools for analyzing fiber content. Neutral
detergent fiber is comprised of cellulose, lignin, and HEMI and is often thought of as a predictor
of intake because it provides gut fill. Acid detergent fiber consists of only lignin and cellulose
and is inversely related to digestibility (Kellems and Church, 2010), and in the current study, LQ
diets had greater concentrations of cellulose, hemicellulose, and lignin compared to HQ. These
results were expected, as NDF was utilized in conjunction with CP to determine hay quality
(USDA, 2003; Morgan et al., 2007b). Calculated diet % for ADF was similar across all diets.
Although lesser ADF values often indicate greater energy content, DE across diets was 2.02
Mcal/kg for LQ with either grain and 2.40 Mcal/kg for HQ with either grain (Kellems and
Church, 2010).
The apparent digestibility value for HQ in the present study was similar with the
digestibility of alfalfa (38%) in a study by Cuddeford et al. (1992). LaCasha et al. (1999)
reported NDF and ADF values of 36.5% and 30.3%, respectively, for alfalfa, and 78.3% and
40%, respectively, for bermudagrass. However, it is important to note differences in NDF and
ADF are largely impacted by factors such as forage maturity at cutting and species, which varies
between studies.
The percentage of lignin was not assessed in the present study, but can be estimated
based on published nutrient composition of feedstuffs as 11% for HQ and 6.7% for LQ (Jurgens
et al., 2012). These estimates may indicate HQ in the present study was more lignified, resulting
in the lesser digestibility of both NDF and ADF (Longland, 2013). Cuddeford et al. (1992) noted
that when feeding increasing amounts of alfalfa in a timothy (Phleum pratense) hay diet, the
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addition of alfalfa probably increased the portion of dietary lignin resulting in a decreased NDF
digestibility. In the present study, horses fed LQ consumed more NDF and therefore, digested
more of the available NDF than HQ fed horses.
Low digestibility of fat experienced by horses fed HQ in the present study may be
explained by the poor digestibility of waxes, pigments, and other non-triglyceride lipid
components in HQ vs. LQ (NRC, 2007). N-alkane is a saturated hydrocarbon that is present in
plant wax and has been utilized as a marker for digestibility in herbivores (Dove and Mayes,
2006). Sandberg et al. (2000) reported that alfalfa contained greater concentrations of n-alkane
than meadow hay and both native and meadow pasture. The negative digestibility experienced in
HQ + CON may indicate that endogenous losses were greater than were consumed in the diet
(Swyers et al., 2008).
Non-structural carbohydrates are simple sugars and starch that are readily broken down
by enzymatic digestion in the small intestine (Pagan, 1998). The NSC values in the present study
were in agreement with those described by Pagan (1998b) who reported average NSC
concentrations of 28.9 ± 5% and an average apparent digestibility of NSC at 88.6 ± 5.2% for 120
dietary observations.
Dry matter apparent digestibility was not different when comparing LQ vs. HQ (P = 0.17)
and CON and DFM (P = 0.19). The DM apparent digestibility for alfalfa in the present study
aligned with values previously described (Cuddeford et al., 1995; LaCasha et al., 1999).
Cuddeford et al. (1995) reported the apparent digestibility of a 100% alfalfa diet as 69%
(Thoroughbred), 68% (Highland pony), 67% (donkey), and 59% (Shetland pony). In Quarter
Horse yearlings, DM apparent digestibility was reported as 63% for alfalfa and 46% for
bermudagrass (LaCasha et al., 1999). Apparent digestibility of LQ in the present study was
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similar to values observed by Switzer et al. (2003) for bermudagrass (60 to 61%), but greater
than values reported by Aiken et al. (1987) for mature geldings on a Coastal bermudagrass-only
diet (43%) and by Morgan et al. (2007) for mature horses on Russell bermudagrass and
concentrate (37 to 46.2%).
There were no significant differences between grain treatments in terms of HEMI
apparent digestibility (P = 0.26). However, there was a significant difference between the
apparent digestibility of HEMI when comparing LQ vs. HQ (P = 0.004). This can be expected, as
the calculated value for treatment period hay HEMI was 39.66% for LQ and 13.69% for HQ.
The apparent digestibility of HEMI was greater in LQ vs. HQ, with values of 60.180% and
52.181, respectively. This indicates that overall, horses on LQ had more HEMI available for
digestion. LaCasha et al. (1999) reported similar results when comparing alfalfa and
bermudagrass. Alfalfa contained less HEMI (6.2%) than bermudagrass (38.4%) and experienced
a lesser apparent digestibility of 35% vs. 75%.
There were no significant differences when assessing OM for HQ vs. LQ (P = 0.10) or
CON vs. DFM (P = 0.48). Organic matter apparent digestibility for HQ was less than values for
alfalfa reported by Cuddeford et al. (1995) of 62-70% for 4 different species of equidae. Both LQ
and HQ apparent digestibility values were less than bermudagrass and alfalfa described by
LaCasha et al. (1999) at 74% and 60%, respectively. Because OM is made up of carbon-based
material, the availability of these compounds can affect digestibility results. Reduced OM
digestibility can be the response of hard-to-access fatty acids, such as those found in plant waxes,
antioxidants, or antimicrobial compounds such as tannins or oxalate crystals that can inhibit
microbial digestibility (Cymbaluk et al., 1986; Adrian et al., 2012; MacAdam et al., 2013). For
ash there were no significant differences when assessing CON vs. DFM (P = 0.41), but there was
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a tendency (P = 0.10) when comparing HQ vs. LQ. This would be expected, as LQ had a greater
% concentration of ash than HQ.
Water
Water intake during the 72 h total fecal collection was not significantly affected by diet
(P = 0.58) or by period (P = 0.49). Water consumption per day averaged 34.14 ± 6.00 L (LQ +
CON), 37.49 ± 8.04 L (LQ + DFM), 35.12 ± 5.83 L (HQ + CON), and 34.93 ± 7.77 L (HQ +
DFM) which fell within estimated average total water intakes based on diet for idle, mature
horses fed varying diets (NRC, 2007).
Fecal Microbial Analysis
Culture-Dependent
It is well understood that a host’s resident microflora are diverse and varies among
individuals (Stewart et al., 2017). Fecal isolates identified included gram positive cocci, which
included Streptococcus dysgalactiae subsp. equisimilis and Streptococcus equi subsp.
zooepidemicus (SEZ); the gram negative rod Pseudomonas alcaligenes; and the
enterobacteriacea family, which included Pantoea agglomerans, Enterobacter cloacae,
Kluyvera, Leclercia adecarboxylata, Atlantibacter hermannii, EC, Citrobacter freundii,
Cronobacter sakazakii, Klebsiella oxytoca, and Klebsiella pneumoniae.
The most variation in bacterial populations were present during washout periods where
horses were group housed, individually fed CON 2x/d, and had ad libitum access to a
bermudagrass/bahiagrass mixed round bale and water. During washout periods a total of
8,350,100 cfu/mL were identified from fecal samples. Of these 56.115% were EC, 38.510%
were SEZ, and 5.375% were other bacteria.
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During treatment periods a total of 31,478,300 cfu/mL of bacteria were identified from
fecal samples. Of these, 56.780% were EC, 43.121% were SEZ, and 0.102% were other bacteria.
While there was an overall increase in fecal isolates identified from washout to treatment
periods, the percentage of EC bacteria remained constant. The percentage of other bacteria
decreased while the percentage of SEZ increased. To better assess changes in the fecal
microbiota due to treatment, a heat map (Figure 3.1) was created. Clustering was dependent on
type of hay but not the presence or absence of DFM in the grain. High quality hay diets yielded
23,251,00 cfu/mL total fecal isolates with 70.233% being EC, 29.637% SEZ, and 0.129% other
bacteria (Table 3.5). Low quality hay diets yielded only 8,227,300 cfu/mL total fecal isolates
with 18.759% being EC, 81.227% SEZ, and 0.024% other bacteria. Almost 90% of the increase
in bacterial isolates from LQ to HQ are accounted for an increase in EC.
It is well documented in post-weaning pigs that EC-associated diarrhea is closely related
to diet, with the amount of CP in the diet evidenced in playing a role (Prohászka and Baron,
1980). However, post-weaning diarrhea is multifaceted as EC is also known to exist in the
gastrointestinal tract of healthy animals (Sojka et al., 1960; Smith and Jones, 1963). Numerous
studies comparing high and low protein diets yields evidence that pigs fed high protein postweaning tended to or shed greater amounts of EC than those on a low protein diet (Wellock et
al., 2007; Wellock et al., 2008; Bhandari et al., 2010).
In the present study, the calculated diet CP yielded 1,347.43 g (HQ + CON), 1,350.39 g
(HQ + DFM), 771.65 g (LQ + CON), and 801.33 g of CP (LQ + DFM). The average BW of the
mature horses at maintenance utilized in the study were 494.65 ± 53.47 kg with a daily CP
requirement of 623 g (NRC, 2007). On all diets, horses were fed in excess to their CP
requirement. A 2017 study by Weir et al. found that when horses were fed 3 different CP
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concentrations (10.6%, 11.5%, and 12%) overfeeding CP can lead to increased urinary total N
and urea-N excretion, further supporting the excess of N occurring in CP overfed horses.
16S rRNA Analysis
When assessing OTUs a total of 813,637 original reads were identified. Of these, 671
OTUs of the kingdom Bacteria were identified, 3 of the kingdom Archaea, and 10 unassigned.
Of these OTUs, 651 were shared between HQ and LQ and 33 were different. The percentage of
different phyla was: 36.36% Firmicutes, 33.33% Bacteroidetes, 18.18% Fibrobacters, 9.09%
Tenericutes, 9.09% unassigned (OTUs 594, 470, 463), 3.03% Cyanobacteria, and 3.03%
Spirochaetae.
At the genus level, both HQ and LQ had the greatest original reads of Candidatus
Saccharimonas (OTU3) of the phylum Saccharibacteria. This only made up 3.37% of total
original reads. However, Saccharibacteria is still warranted for discussion because this phylum
has only been reported once in the horse (Morrison et al., 2018) but was not discussed.
Saccharibacteria are considered a candidate phylum, in which no culture-dependent
representatives have been found but evidence of their existence have been obtained through the
use of metagenomic analysis and 16S rRNA technology (Hugenholtz et al., 1998). However,
Yang et al. (2019) reported this phylum in sheep feces but not in cattle or horse feces. All 3
livestock were grazing in the Xilingol steppe grassland in north China with the predominant
forage species Leymus chinensis, Stipa grandis, and Agropyron cristatum. This phylum has

also been shown to be present in soil, seawater, activated sludge, animals, and human sources
(Hugenholtz, 2002; Ferrari et al., 2005; Marcy et al., 2007; Kuehbacher et al., 2008; Dinis et
al., 2011; Ferrari et al., 2015). More recently, Opdahl et al. (2018) reported the identification
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of Candidatus Saccharimona in the rumen of beef cattle and concluded, although further
investigations are necessary to elicit specific metabolic responses of each OTU, that this finding
supports cellulose utilization as a rumen metabolic trait.
Additionally, at the genus level, HQ had a significantly greater (P = 0.04) abundance
value for Escherichia-Shigella than LQ (0.00199 vs. 0.0000919, respectively). This supports the
culture-dependent finding of greater EC excretion in HQ vs. LQ, which is most likely due to CP
availability in the diet. E. Shigella is closely related to EC and genetically constitutes the same
species, resulting in difficulty differentiating the 2 bacterium (van den Beld et al., 2012;
Chattaway et al., 2017). This difficulty even extends into molecular and genomic methods of
serotype determination which has paved the way to culture-independent algorithms for
identification (van den Beld et al., 2012). 16S rRNA can be unreliable in determining the close
differences between the 2 (Ragupathi et al., 2018), however, phenotypic identification using
MacConkey agar can be utilized. Although both species are Gram-negative, facultative
anaerobes that are rod-shaped, EC ferments lactose which turns the agar pink, while E. Shigella
does not (MacConkey, 1905; MacConkey, 1908).
For alpha diversity, which measures the average species diversity within hay quality, the
Shannon Diversity Index was utilized (Figure 3.2) which accounts for both abundance and
evenness of the species present. There was no difference between HQ and LQ (P = 0.19). High
quality forage, such as HQ hay (alfalfa), is often associated with increased nutritional content,
CP, and DE as compared to LQ hay (bermudagrass) (Cuddeford et al., 1992; NRC, 2007; Ball et
al., 2015). LaCasha et al. (1999) reported greater DM digestibility and digestible DM intake for
“Prime” graded alfalfa vs. Coastal bermudagrass in Quarter horse yearlings. These results differ
from findings by Hansen et al. (2015) who found that greater nutrient availability decreases the
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diversity of the equine cecal microbiota. However, it is important to note that study compared
high-nutrient oats vs. low-nutrient hay, as well as sampled cecal fluid vs. feces, which may
account for differences between these studies.
For beta diversity, which measures the change in diversity across samples, the nonparametric statistical test ANOSIM that utilized a matrix of rank dissimilarities (Clarke, 1988)
was used (Figure 3.3). A significant difference exists (P = 0.005) between the bacterial diversity
in LQ vs. HQ. The R-value (r = 0.29) suggests that there are more similarities within hay
qualities than between HQ and LQ.
Metastats determined that there were significant differences at the phylum taxon between
LQ vs. HQ for Bacteroidetes (P = 0.02) and Tenericutes (P = 0.002) with a tendency for
differences for Firmicutes (P = 0.08) and Saccharibacteria (P = 0.07), which are depicted in
Figure 3.4. When comparing phyla percentages of the identified microbiome, the % of
Firmicutes was greater for HQ vs. LQ with 50.67% vs. 56.75%, respectively. The opposite was
true for Bacteroidetes, with LQ having a greater % than HQ with 37.62% vs. 26.96%,
respectively. All of these percentages aligned with normal bacterial ranges reported in a review
by Julliand and Grimm (2017) and summarized from numerous studies (Dougal et al., 2013;
Moreau et al., 2014; Costa et al., 2015; Hansen et al., 2015).
Conclusion
Supplementation with the DFM tended to be beneficial in enhancing CP digestibility.
There were no adverse reactions with the amount administered to horses (averaging 62.1 x 1012
cfu/d) which, to the author’s knowledge, is the greatest reported amount administered. Feeding
CP beyond the daily requirements may contribute to excess excretion of EC due to increased N.
16S rRNA analysis supported the culture-dependent findings of greater EC in HQ. Differences in
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the fecal microbial ecosystem were detected between LQ and HQ. The phylum Saccharibacteria
was identified in both hay qualities even though it has lightly reported in equine literature.
However, it has been reported in other livestock such as sheep and cattle and may aid in cellulose
degradation.
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Table 3.1

Composition of hay fed during washout periods (100% DM basis)1
Washout Perioda

Component
1

2

3

DM,%

91.88

91.47

91.30

CP,%

8.73

7.33

6.68

NDF,%

71.79

74.33

74.51

ADF,%

38.16

36.00

36.98

HEMI,%

33.63

38.32

37.53

NSC,%

11.59

11.01

11.67

EE,%

0.75

1.06

1.00

OM,%

92.86

93.73

93.87

Ash,%

7.14

6.27

6.13

DE, Mcal/kg

1.82

1.83

1.83

1
a

Hemicellulose = HEMI, non-structural carbohydrates = NSC, and ether extract = EE
Mixed bahiagrass and bermudagrass hay offered ad libitum

52

Composition of grain and hay fed during treatment periods (100% DM basis)1

Table 3.2

Graina

Component

Hayb

CON

DFM

HQ

LQ

DM,%

88.58

88.85

91.87

91.79

CP,%

15.01

15.13

19.72

7.59

NDF,%

43.42

42.81

50.65

76.73

ADF,%

19.92

19.56

36.96

37.07

HEMI,%

23.50

23.25

13.69

39.66

NSC,%

30.73

31.08

22.43

7.76

EE,%

3.45

3.49

0.91

0.81

OM,%

92.61

92.50

93.69

92.89

Ash,%

7.39

7.50

6.31

7.11

DE, Mcal/kg

2.62

2.62

1.72

2.29

DFM Blend, cfu/gc
Bifidobacterium thermophilum
Enterococcus faecium
Lactobacillus acidophilus
Lactobacillus casei
Saccharomyces cerevisiae

0.00

0.00

0.00

25.1 x
109

1

Control grain = CON, direct-fed microbial grain = DFM, high quality alfalfa hay = HQ, low
quality bermudagrass hay = LQ, non-structural carbohydrates = NSC, and ether extract = EE
a
CON and DFM fed at 0.5% BW/d as-fed (formulated by Cooperative Research Farms,
Richmond, VA)
b
HQ and LQ fed at 1% BW/d as-fed
c
Direct-fed microbial blend (formulated by Cooperative Research Farms, Richmond, VA)
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Table 3.3

Apparent digestibility of dietary components for comparison of HQ and LQ
treatments when period was not significant (n = 8; 100% DM basis)1
Diet

Component

DLSM

HQ + CON

HQ + DFM

SE

P-Value

CP, %

75.68

79.19

1.81

0.06

NDF, %

39.02

43.34

4.18

0.31

ADF, %

32.54

37.36

4.92

0.34

EE, %

-1.88

0.05

7.15

0.79

NSC, %

82.16

83.96

1.60

0.27

LQ + CON

LQ + DFM

SE

P- Value

CP, %

74.82

74.05

2.08

0.71

NDF, %

56.85

58.71

4.02

0.65

ADF, %

53.96

56.36

4.74

0.62

EE, %

17.79

20.95

7.15

0.63

NSC, %

77.96

78.05

1.71

0.96

Component

1

DLSM = the differences of least squared means, HQ = high quality alfalfa hay, LQ = low
quality bermudagrass hay, CON = control grain, DFM = direct-fed microbial added grain, nonstructural carbohydrates = NSC, and ether extract = EE
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Table 3.4

Apparent digestibility of dietary components for comparison of HQ and LQ
treatments when period was significant (n = 8; 100% DM basis)1
Hay

Component

Grain

LQ

HQ

SE

P-Value CON

DFM

SE

P-Value

DM, %

60.467

57.17

1.65

0.17

57.26

60.38

1.56

0.19

HEMI, %

60.18

52.18

4.00

< 0.01

54.70

57.66

1.48

0.26

OM, %

50.02

50.06

0.02

0.10

50.05

50.03

< 0.01

0.48

Ash, %

46.53

40.75

2.89

0.10

42.22

45.05

1.42

0.41

1

LQ = low quality bermudagrass mix hay, HQ = high quality alfalfa hay, CON = control grain,
DFM = direct-fed microbial added grain, and HEMI = hemicellulose
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Table 3.5

Number of equine fecal isolates based on hay quality (n = 8;100% DM basis)1
Diet1

Bacteria2

1
2

HQ

LQ

EC, cfu/mL

16,330,000

1,543,400

SEZ, cfu/mL

6,891,000

6,682,800

Other, cfu/mL

30,000

2,000

Total, cfu/mL

23,251,000

8,227,300

HQ = high quality alfalfa hay and LQ = low quality bermudagrass mix hay
EC = Escherichia coli and SEZ = Streptococcus equi subsp. zooepidemicus
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Figure 3.1

Heat map of most prevalent fecal isolates in horses fed 4 dietary treatments1

1

On the x axis, EC = Escherichia coli and SEZ = Streptococcus equi subsp. zooepidemicus.
Moving from yellow to red indicates a greater number of cfu/mL. On the Y axis is horse
identification number (1-8), treatment period (T1-4), and dietary treatment (TrtA-D). Diet A is
low quality hay and control grain, B is high quality hay and control grain, C is low quality hay
and direct-fed microbial added grain, and D is high quality hay and direct-fed microbial added
grain. White indicates absence of bacterial species.
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Figure 3.2

Shannon Diversity Index to determine alpha diversity within diets in equine feces
of horses fed LQ vs. HQ regardless of DFM supplementation1

1

LQ = low-quality bermudagrass (Cynodon dactylon) hay fed at 1 % BW/d, HQ = high-quality
alfalfa (Medicago Sativa) hay fed at 1% BW/d, and DFM = direct-fed microbial-added grain fed
at 0.5% BW/d. DFM consists of 25 x 109 cfu/g of a blend of Lactobacillus acidophilus,
Lactobacillus casei, Bifidobacterium thermophilum, Enterococcus faecium, and Saccharomyces
cerevisiae
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Figure 3.3

ANONSIM to determine beta diversity between diets in equine feces of horses fed
LQ vs. HQ regardless of DFM supplementation1

1

ANOSIM = analysis of similarities between a set of samples, LQ = low-quality bermudagrass
(Cynodon dactylon) hay fed at 1 % BW/d, HQ = high-quality alfalfa (Medicago Sativa) hay fed
at 1% BW/d, and DFM = direct-fed microbial-added grain fed at 0.5% BW/d. DFM consists of
25 x 109 cfu/g of a blend of Lactobacillus acidophilus, Lactobacillus casei, Bifidobacterium
thermophilum, Enterococcus faecium, and Saccharomyces cerevisiae
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Figure 3.4

Metastats analysis of differences between phylum in equine feces of horses fed LQ
vs. HQ regardless of DFM supplementation1

1

LQ = low-quality bermudagrass (Cynodon dactylon) hay fed at 1 % BW/d, HQ = high-quality
alfalfa (Medicago Sativa) hay fed at 1% BW/d, and DFM = direct-fed microbial-added grain fed
at 0.5% BW/d. DFM consists of 25 x 109 cfu/g of a blend of Lactobacillus acidophilus,
Lactobacillus casei, Bifidobacterium thermophilum, Enterococcus faecium, and Saccharomyces
cerevisiae
*Signifies significant difference between hay qualities (P ≤ 0.05)
†Signifies a tendency for difference between hay qualities (P < 0.05 ≤ 0.10)
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CHAPTER IV
DIRECT-FED MICROBIAL SUPPLEMENTATION ON APPARENT NUTRIENT
DIGESTIBILITY, VISUALIZAZTION OF THE TOP 3 FECAL MICROBIAL
ISOLATES, AND BLOOD METABOLITES IN THE
MODERATELY EXERCISED HORSE
Introduction
Performance horses are subject to intensive training, frequent transportation, and
competition that result in physiological and biochemical changes (Snow et al., 1982; Martinez et
al., 1988; Linden et al., 1991). These stresses can lead to maladies such as behavioral
stereotypes, colic, and gastric ulceration which may hinder performance (Hammond et al., 1986;
Murray et al., 1989; Andrews and Nadeau, 1999). Concentrations of blood cortisol have been
shown to be altered by DFM, or probiotics, in some species (Sohail et al., 2010; Penha et al.,
2011). The release of cortisol can alter gut permeability and barrier function, which can
contribute to variations in gut microbiota and result in disease or predisposition to infection
(O’Mahony et al., 2011; Montiel-Castro et al., 2013).
There are mixed results on the efficacy of DFM. Jouany et al. (2008) and Glade (1991a;
1991b) found that supplementation of SC improved digestibility of ADF, DM, NDF, and CP in
the horse while others reported no significant differences (Webb et al., 1985; Mackenthun et al.,
2013). Studies evaluating stressed animals supplemented with probiotics have also yielded mixed
results, with Swanson (2002) reporting no difference in cortisol in weaned foals supplemented
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with probiotics, whereas both Sohail et al. (2010) and Penha et al. (2011) reported decreased
cortisol concentrations in heat-stressed broilers and Nelore cattle, respectively.
Due to variations in previous research results, further exploration of the potential benefits
of DFM in the exercising equine diet is warranted. Thus, the objectives of the present study were
to determine if DFM supplementation in exercising horses is beneficial in reducing cortisol and
improving digestibility and to identify the top 3 fecal microbial isolates in horses.
Materials and Methods
Stock-type mares (n = 5) and geldings (n = 3) were used in a completely randomized
design study lasting 42 d. The study consisted of a 21-d washout period followed by a 21-d
treatment period. Horses ranged in age from 5 to 15 yr (8.13 ± 3.48), had an average BW of
489.77 ± 50.28 kg, and an average BCS of 5.19 ± 0.75 (Henneke et al., 1983). All horses were
vaccinated, dewormed with 1.87% Ivermectin paste (Durvet, Blue Springs, MO), and had their
hooves trimmed prior to the study. During the washout period, horses were group housed in a
0.405 ha unmanaged native grass pasture. Horses were individually housed in 3.65 x 3.65 m
matted stalls during the treatment periods and were hand walked for 10 min 3 times/wk.
Throughout the study, horses were managed in accordance with protocol IACUC-16-356, with
procedures approved by the Mississippi State University Institutional Animal Care and Use
Committee.
Dietary Treatments
Washout Diet
Horses were offered ad libitum access to water and a mixed bahiagrass (Paspalum
notatum) and bermudagrass (Cynodon dactylon) hay round bale (Table 4.1). Horses were
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separated into individual pens and offered 0.5 % BW/d CON grain divided into 2 equal feedings
at 0700 and 1900. After meal completion, horses were turned back out as a group.
Treatment Diets
Concentrate diets were formulated to meet requirements for mature horses with varying
only in the the presence or absence of probiotics (NRC, 2007). Both concentrates were
formulated by Cooperative Research Farms (Richmond, VA) and were fed 0.5% BW/d of either
CON or DFM. During the first 6 d of each treatment period, horses were gradually transitioned
to their respective treatment concentrate. Hay was a 50/50 mixture of alfalfa and bermudagrass
hay utilized in a previous experiment. Both hay lots were homogenous and harvested during the
same cutting. Each type of hay was weighed individually and combined in a hay net. Horses
were fed 1.5 % BW/d of the haymix. Horses were fed 1 of 2 diets divided into 2 equal feedings
at 0700 and 1900 h and had ad libitum access to water. Dietary treatment combinations included
hay and either a CON grain or DFM added grain at 0.5% BW/d Whole diets consisted of 75%
hay and 25% grain.
Grab samples of grain were taken when each new batch was received and if grain was
refused. Samples were homogenized and a sub sample tested. Grain refusals were limited in
occurrence and samples were not compositionally different. Hay samples were obtained using a
drill-type hay core sampler and were homogenized and sub sampled. Proximate analysis for DM,
CP, NDF, ADF, ether extract (EE), and ash was performed in accordance with AOAC (2016).
Hemicellulose was determined by subtracting ADF from NDF. Non-structural carbohydrates
were determined by subtracting ash, CP, NDF, and EE from 100. Organic matter was determined
by subtracting ash from 100. Digestible energy was determined by the formula developed by
Pagan (1998).
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The DFM grain consisted of a propriety blend formulated by Cooperative Research
Farms. This blend contained Lactobacillus acidophilus, Lactobacillus casei, Bifidobacterium
thermophilum, Enterococcus faecium, and SC at a rate of 25.1 x 109 cfu/g of grain. On average,
horses on the DFM treatment consumed 61.5 x 1012 cfu/d.
Exercise
Heart Rate
Prior to the trial, all horses had not been forcibly exercised for at least 24 wk. Horses
were exercised to properly simulate moderate exercise with a target heart rate (HR) of 90 beats
per min (bpm) (NRC, 2007). Horses were worked on a lunge line either in the arena or in round
pens (measuring 7.64 m or 12.19 m in diam). Exercise location was determined based on a
horse’s ease of handling. Horses were worked 3 d/wk for 1 h at 30% walk, 55% trot, and 15%
canter in a varied exercise protocol (Table 4.2). Horses spent 30 min travelling clockwise and 30
min travelling counterclockwise. To eliminate any possible lurking variables, exercise bout
(EBOUT), location (LOCT), average temperature (ATEMP), average humidity (AHUM), and
average wind speed (AWSPD) were recorded. Horse handlers were trained on proper lunging
technique and speed. The lead researcher visually standardized horse speed and coordinated
workouts.
Horses were split into 2 exercise groups (n = 4) with 1 group exercising at 1600 and the
other at 1700. Two horses per exercise group wore a HR monitor (Polar Electro, Lake Success,
NY). There were 7 exercise bouts over the course of the treatment period. Heart rates were
recorded at rest, immediately after, and every 5 min during the exercise session. Average HR
was also calculated but did not include resting HR.
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Blood Metabolites
Blood was collected immediately before and after each exercise bout into 9 mL
polyethylene terephthalate tubes with a silica serum clot activator (Santa Cruz Biotechnology,
Dallas, TX). A small sample of whole blood was immediately pipetted for pre- and post-lactate
analysis using a Lactate Plus handheld lactate analyzer (Nova Biomedical, Waltham, MA),
which has been utilized in both human athlete and equine research (Hart et al., 2013; Nieto et al.,
2015). Blood tubes were then rested horizontally for 10 min prior to centrifugation for 15 min at
2500 rpm. Serum was pipetted in duplicate into 0.6 mL microcentrifuge tubes (Fisherbrand™,
Thermo Fisher Scientific, Waltham, MA) and transported on ice until storage at -80°C.
Serum was analyzed for cortisol using a commercial RIA (ImmuChem Cortisol; MP
Biomedicals, LLC, Solon, OH) which has been validated for use in the horse (Liburt et al., 2014;
Ing et al., 2015) with a sensitivity of 0.17 µg/dL. Serum sample were run in triplicate and later
counted in a gamma counter (Packard Cobra II Model 5005; PerkinElmer, Inc., Waltham, MA)
with intra-assay CV of 10.8%.
72 h Total Collection
Feces
During the last 72 h of each treatment period, a total fecal collection was performed to
analyze apparent digestibility. Horses were equipped with modified fecal collection bags to
prevent environmental contamination (Cozzarelli et al., 2019). Fecal collection bags were
emptied at 0100, 0700, 1300, and 1900 h and feces were weighed and homogenized. Any feces
remaining on the stall floor mats were recorded but kept separate from manure obtained from
collection bags. Weight of all feces was totaled, and a 5% representative sample was removed
from feces obtained from the collection bag. Samples were dried at 70°C for 48 h to obtain 90%
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DM weights. Samples were stored in Ziploc® (S. C. Johnson & Son, Racine, WI) bags until
being ground through a Wiley Mill with a 4mm screen (Thomas Scientific, Swedesboro, NJ).
Feces were analyzed for the same nutrients as feed samples utilizing the same methodology.
Fecal Microbial Analysis
Fresh per rectum fecal samples were collected at the end of each washout and treatment
period for analysis of aerobic enteric bacteria prevalence and sensitivity. Samples were taken in a
staggered manner over the course of 2 d, with 2 horses sampled at 0800 and 2 sampled at 1300.
Horses were placed in stocks for the procedure. A sterile, inverted palpation sleeve was inserted
per rectum to collect a fresh fecal ball. Lubricant was not utilized to prevent contamination or
detriment to bacterial specimens. There were no incidences of rectal tears, lethargy, or fever
resulting from fecal collection. Samples were immediately placed in a Ziploc® plastic bag and
transported to the laboratory within 1 h of collection.
Bacterial fecal analysis was performed by The College of Veterinary Medicine
Diagnostic Laboratory Services (Starkville, MS), an accredited laboratory through the American
Association of Veterinary Laboratory Diagnosticians. Fecal specimens were plated on blood,
MacConkey, and Columbia CNA (colistin and nalidixic acid) agar for enumeration. The top 3
isolates were phenotypically identified and the sensitivity determined using a Sensititre I. D.
system (Thermo Fisher Scientific, Oakwood Village, OH), API 20e (bioMérieux, Durham, NC),
or Baxter Micro Scan (Baxter Micro Scan Systems, West Sacramento, CA) procedure depending
on the isolate(s).

66

Statistical Analysis
Data were analyzed using PROC MIXED in SAS 9.4 (SAS Institute, Cary, NC, 2015).
The model included horse, period, diet, and period x diet interaction. Response variables were
DM, CP, NDF, ADF, HEMI, EE, NSC, EE, ash, OM, DE, HR, PREL, POSTL, PREC, POSTC,
EBOUT, LOCT, ATEMP, AHUM, and AWSPD. Horse within diet was included as a random
variable and as a subject of repeated measures. Differences were separated using least squared
mean differences. PROC UNIVARIATE was utilized to determine outliers via ROBUSTSCALE
and following the 1.5 x Interquartile Range Rule. If outliers were present, they were removed.
Differences were considered significant when P ≤ 0.05 and a tendency when 0.05 < P ≤ 0.10.
Results and Discussion
Apparent Digestibility
The apparent digestibility between CON and DFM are presented in Table 4.3. There were
tendencies for DFM to have greater digestibility than CON for both DM (61.02 vs. 55.67%,
respectively; P = 0.06) and ADF (49.71 vs. 41.30, respectively; P = 0.06). It is difficult to
compare reported DM and ADF digestibilities across various studies due to variations in quality,
however, numerous authors have found an enhancement or tendency for enhancement in DM
and/or ADF when supplementing various DFM strains (Glade, 1991a; Coverdale et al., 2007;
Morgan et al., 2007b; Jouany et al., 2008). Tendencies for enhancement in these digestibility
fractions may indicate that the proprietary blend utilized in the present study was more effective
than a single strain DFM when fed to horses with exercised induced stress.
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Fecal Analysis
It is well understood that there will be variations in individual resident microflora among
a population (Stewart et al., 2017). Fecal isolates identified included the gram-positive cocci
SEZ; the gram-negative rod Acinetobacter lwoffii; and the enterobacteriacea family, which
included Pantoea agglomerans, Enterobacter cloacae, EC, and Enterobacter sp. The strains
identified in our study were more diverse during the washout versus treatment period but had
fewer counts. A total of 2,560,000 cfu/mL were identified from fecal samples taken during the
washout period. Of these, 70.16% were EC, 26.60% were SEZ, and 3.24% other bacteria. During
the treatment period a total of 7,204,000 cfu/mL were identified with 68.71% comprised of EC,
21.29% of SEZ, and 9.99% other bacteria. While there was an overall increase in the number of
fecal isolates identified from washout to treatment period, the % of EC bacteria remained
relatively constant. Although different strains of other bacteria were more diverse in the washout
period, the isolates acquired were more abundant during the treatment period.
To better assess changes in the fecal microbiota due to treatment, a heat map (Figure 4.1)
was created. Cluster was found dependent on sex, with 80% of mares (individuals 4, 3, and 2; 5 a
gelding) excreting more EC and SEZ than geldings. This cluster accounted for 5,420,000 cfu/mL
of the total fecal isolates derived during the treatment period, with 73.80% EC, 25.28% SEZ, and
0.92% other bacteria. The alternate cluster (individuals 1, 6, and 8 geldings; 7 a mare) totaled
1,784,000 cfu/mL with 53.25% EC, 9.19% SEZ, and 35.87% other bacteria. In both humans and
cattle, females are considered more excitable than steers and have greater EC secretion in urinary
tract infections and a more pronounced immune response (Henricks et al., 1984; Bashir et al.,
2008; Williams et al., 2016). However, the present study did not see differences in cortisol based
on sex, which agreed with past literature (Aurich et al., 2015).
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Blood Metabolites
Sex and external factors such as EBOUT, LOCT, ATEMP, AHUM, and AWSPD did not
impact any blood marker. Lactate sampled before exercise (PREL) was significantly different in
terms of diet (P = 0.03) with DFM horses having lesser PREL than CON horses (0.62 mmol/L
vs. 0.70 mmol/L, respectively; Table 4.4). Values in the normal range were expected for PREL
as lactate is continuously formed at rest, for example, through metabolic processes that lack
mitochondria (Bergman et al., 1999; McArdle et al., 2014). These findings may indicate that
horses fed DFM are more efficient in maintaining their acid-base balance at rest (Heigenhauser
et al., 1990; Carlson, 1995). Lactate sampled immediately after exercise (POSTL) showed no
differences due to any variable. No difference in POSTL due to DFM supplementation agrees
with findings by Art et al. (1994), who supplemented the commercial probiotic Bioracing®
(Chemoforma, Augst, Switzerland) to Thoroughbreds during training and detraining. Cortisol
before (PREC) and after exercise (POSTC) were not different due to any variable which was
interesting given DFM in other livestock species reporting less cortisol with supplementation.
Heart Rate
There was a tendency for mean HR to be greater (P = 0.05) for DFM compared to CON
(105.04 vs. 100.08, respectively). Heart rate was different between DFM and CON at exercise
times of 10 min (P = 0.008) and 35 min (P = 0.03; Figure 4.2). At the onset of exercise, it is
expected that HR rapidly rises and reaches a steady state within 2 to 3 min (Hodgson et al.,
2014). We would expect to see a plateau in HR from min 5 to 15, as horses were trotting at the
same exercise intensity from the onset of exercise (Lindholm and Saltin, 1974). While CON
experienced this plateau, DFM increased. This may indicate differences in sympathetic nerve
modulation or differences in horse excitability at the onset of exercise. However, the latter is not
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likely, given that EBOUT was not significant. A decrease in HR after 30 min is expected, as the
exercise protocol changes from a canter to trot. However, DFM horses did not recover as rapidly
as CON horses, as evidenced by the significantly (P = 0.03) greater HR at 35 min. This could
also point to nervous system modulation, as the parasympathetic nervous system modulates
resting HR as well as slowing HR down. A decreased HR at a given exercise intensity may be
beneficial by prolonging a horse’s athletic performance (Physick-Sheard, 1985; Hodgson et al.,
2014).
Conclusion
In conclusion, supplementing DFM to moderately exercised horses may be beneficial as
it tended to enhance DM and ADF digestibility. There were no adverse reactions with the
amount administered to horses (averaging 62.1 x 1012 cfu/d) which, to the author’s knowledge, is
the highest reported amount administered to exercising horses. Due to potential modulation of
the nervous system and its role in altering HR, it would be of interest to see more variables taken
to determine exercise burden, such as respiratory and further hematological measures. There was
no evidence of a dietary modulation to the fecal bacteria isolated, but further in-depth analysis
through 16S rRNA, for example, may shed light on differences that delve beyond the top 3
isolates identified presently.
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Table 4.1

Composition of hay and grain fed during washout and treatment periods (100%
DM basis)1
Haya

Component

Grainb

Washout

Treatment

CON

DFM

DM,%

91.88

91.83

88.58

88.85

CP,%

8.73

13.66

15.01

15.13

NDF,%

71.79

63.69

43.42

42.81

ADF,%

38.16

37.02

19.92

19.56

HEMI,%

33.63

26.68

23.50

23.25

NSC,%

11.59

15.10

30.73

31.08

EE,%

0.75

0.86

3.45

3.49

OM,%

92.86

93.29

92.61

92.50

Ash,%

7.14

6.71

7.39

7.50

DE, Mcal/kg

1.82

2.01

2.62

2.62

DFM Blend, cfu/gc
Bifidobacterium
thermophilum
Enterococcus
faecium
0.00
0.00
0.00
25.1 x 109
Lactobacillus
acidophilus
Lactobacillus
casei
Saccharomyces
cerevisiae
1
Hemicellulose as HEMI, non-structural carbohydrates as NSC, ether extract as EE, control
grain as CON and direct-fed microbial added grain as DFM
a
Mixed bahiagrass and bermudagrass hay offered ad libitum
b
Grain offered at 0.5% BW/d (formulated by Cooperative Research Farms, Richmond, VA)
c
50/50 mix of alfalfa and bermudagrass offered at 1.5% BW/d
d
Blend (formulated by Cooperative Research Farms, Richmond, VA)
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Table 4.2

Exercise protocol to meet moderate exercise requirements1
Time (min)

Gait

16

Trot

10

Walk

4

Canter

Change directions
9

Trot

8

Walk

5

Canter

8

Trot

1

Exercise to meet average heart rate of 90 beats per min for moderately exercised horses (NRC,
2007)
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Table 4.3

Apparent digestibility of dietary components for treatment diets (n = 4/treatment;
100% DM basis)1
Diet

Component

DLSM

CON

DFM

SE

P-Value

DM,%

55.67

61.02

2.18

0.06

CP,%

69.91

72.09

3.36

0.54

NDF,%

46.70

52.86

3.25

0.12

ADF,%

41.30

49.71

3.55

0.06

HEMI,%

53.55

56.84

3.01

0.32

NSC,%

80.96

82.94

1.14

0.14

EE,%

5.42

12.65

8.11

0.41

OM,%

55.06

54.79

6.82

0.97

Ash,%

44.94

45.20

6.82

0.97

DE, Mcal/kg

3.06

3.17

0.43

0.81

1

Hemicellulose as HEMI, non-structural carbohydrates as NSC, ether extract as EE, and
differences of least squared means as DLSM
a
Mixed bahiagrass and bermudagrass hay offered ad libitum
c
50/50 mix of alfalfa and bermudagrass offered at 1.5% BW/d
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Table 4.4

Lactate and cortisol concentrations before and after moderate exercise1

Blood Marker

Treatment

DLSM

CON

DFM

SE

P-Value

Lactate,

Pre

0.70

0.62

0.04

0.03

mmol/L

Post

1.66

1.87

0.30

0.50

Cortisol,

Pre

1.90

1.86

0.69

0.95

µg/dL

Post

4.48

4.93

0.75

0.55

1

Heart rates are pooled from all exercise bouts (n = 7) and horses (n = 4/treatment) with CON
denoting control grain, DFM denoting direct-fed microbial grain
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Figure 4.1

Heat map of most prevalent fecal isolated during treatment periods

On the x axis, EC = Escherichia coli and SEZ = Streptococcus equi subsp. zooepidemicus.
Moving from yellow to red indicates a greater number of cfu/mL. On the Y axis is horse
identification number (1-8) and dietary treatment (TrtC or D). Diet C is control grain and diet D
is direct-fed microbial added grain.
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Figure 4.2

Heart rates during exercise bouts1

1

Heart rates are pooled from all exercise bouts (n = 7) and horses (n = 4 per treatment) with CON
denoting control grain and DFM denoting direct-fed microbial grain, and DLSM as differences
of least squared means
*Indicates significant difference (P < 0.05)
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CHAPTER V
SHORT-CHAIN FRUCTOOLIGOSACCHARIDE SUPPLEMENTATION BENFITS SENIOR
HORSES
Introduction
Equine producers are faced with multiple challenges when it comes to feeding horses.
The equine diet must provide enough energy to fuel performance and metabolism while
maintaining a minimum fibrous portion (0.75% BW/d; NRC, 2007) to promote gastrointestinal
and whole-body health. In older horses, this can be a challenge. Although aging is a normal
process of irreversible and progressive decline in overall body function (Figueiredo, 2008;
Ralston and Harris, 2013), horse owners are experiencing this to a greater extent as
improvements in nutrition, management, and health care has resulted in horses living longer and
more productive lives (AAEP, Accessed 2019). Although research has indicated that advanced
age (≥20 yr) alone does not significantly alter digestive efficiency in horses (Ralston, 2007;
Elizinga et al., 2011), numerous other clinical conditions associated with aging in the equine,
such as dental abnormalities, (Graham, 2002) may result in weight loss (Knottenbelt, 2003) or an
increased risk of choke (Ralston and Breuer, 1996) or colic (Carson-Dunkerley and Hanson,
1996). Despite this, age has been associated with changes in the gut microbiome of humans
(Gavini et al., 2001; Woodmansey et al., 2004; Mariat et al., 2009; Claesson et al., 2011) and
horses (Dougal et al., 2014a; Morrison et al., 2018).

77

Often, owners look to supplements to aide their horse or to fill perceived nutritional gaps.
Short-chain fructooligosaccharides, a prebiotic, have been shown to alter the gut microbial
population in supplemented horses (Berg et al., 2005; F. Respondek et al., 2008) but have not
been found to improve digestibility, which has been seen with the use of other prebiotics
(Coverdale, 2016). Based on limited research on scFOS, especially supplemented to aged horses,
the objectives of the present study were to determine if scFOS supplementation enhances
apparent digestibility and if supplementation alters the fecal microbiota of SR vs. MA horses.
Materials and Methods
Ten healthy stock-type horses in moderate body condition (Henneke et al., 1983) owned
by the Mississippi State University Department of Animal and Dairy Sciences were used in a
crossover study. Horses were selected based on breed, health, and classification as either a
mature or senior horse (NRC, 2007). Horses were blocked by age into 2 groups: MA vs. SR.
Mature horse selection was based on similar ages in previous studies (Dougal et al., 2014b;
Morrison et al., 2018) and classification as non-growing (NRC, 2007). Criteria for SR included
age above 20 yr, in which owners and veterinarians perceived a horse to be “old” (Brosnahan
and Paradis, 2003a; Brosnahan and Paradis, 2003b; Ralston and Harris, 2013) as well as
comparison to past literature (Dougal et al., 2014b; Morrison et al., 2018). To determine health,
SR were tested for Pituitary Pars Intermedia Dysfunction, in which SR are more susceptible
(McFarlane, 2011; Durham et al., 2014), and SR and MA were tested for ID. Horse within block
was randomly assigned to 1 of 3 diets for a 25-d treatment period. Transitions to new diets were
gradual over 3 d. Prior to the total fecal collection in period 1, 2 horses were removed from the
study due to either injury or failure to maintain an ideal BCS and were replaced by horses that
fell within their age block. These horses began the study during treatment period 2. Block details
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for horses completing all treatments were: MA; n = 5; 7.5 ± 0.92 yr; 483.83 ± 33.71 kg and SR; n
= 5; 23 ± 1.06 yr; 539.33 ± 17.55 kg.
Horses were vaccinated and had their teeth floated prior to the study and were dewormed
immediately prior to the start of the study and dewormed on d 50 with 1.87% Ivermectin paste
(Durvet, Blue Springs, MO). Horses were individually housed in 3.65 m2 to 4.27 m2 stalls and
were turned out in a dry lot approximately 1 h/d. Horses were managed in accordance with
protocol IACUC-17-722, with procedures approved by the Mississippi State University
Institutional Animal Care and Use Committee.
Dietary Treatments
Horses were fed 1 of 3 diets divided into 2 equal feedings at 0645 and 1845 h and had ad
libitum access to water. Dietary treatments (Table 5.1) were bermudagrass (Cynodon dactylon)
hay offered at 1.50% BW/d as-fed (HAY) or hay with either a CON (Gro’N Win™, Buckeye
Nutrition, Dalton, OH) ration balancer (RB) or the same RB formulated with cane-sugar derived
scFOS (FORTIFEED®, Ingredion Inc., Westchester, IL) added at a rate of 2.50 g/kg (PRE).
Horses weighing < 454 kg received 0.45 kg balancer/d and those weighing 454 to 589 kg
received 0.57 kg/d as per bag recommendations yielding a scFOS dosage 1.12 and 1.42 g/d,
respectively.
Hay and RB samples were processed at the H. W. Essig Nutrition Lab in the James W.
Scales building at Mississippi State University (Starkville, MS). Hay samples were obtained
using a drill-type hay core sampler and grab samples of RB were taken from each bag. Hay and
RB samples were homogenized, and a sub sample tested. Proximate analysis for DM, CP, NDF,
ADF, ether extract (EE), and ash was performed in accordance with AOAC (2016).
Hemicellulose was determined by subtracting ADF from NDF. Non-structural carbohydrates
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were determined by subtracting ash, CP, NDF, and EE from 100. Organic matter was determined
by subtracting ash from 100. Gross energy was determined via bomb calorimetry.
Feces
96 h Total Collection
During the last 96 h of each treatment period, a total fecal collection was performed to
analyze apparent digestibility. Horses were equipped with modified fecal collection bags to
prevent environmental contamination (Cozzarelli et al., 2019). Fecal collection bags were
emptied at 0100, 0700, 1300, and 1900 h and feces were weighed and homogenized. Any feces
remaining on the stall floor mats were recorded but kept separate from manure obtained from
collection bags. Weight of all feces was totaled, and a 5% representative sample was removed
from feces obtained from collection bags. Samples were dried at 70°C for 48 h to obtain 90%
DM weights. Samples were stored in Ziploc® (S. C. Johnson & Son, Racine, WI) bags until
being ground through a Wiley Mill with a 4mm screen (Thomas Scientific, Swedesboro, NJ).
Feces were analyzed for the same nutrients as feed samples utilizing the same methodology.
Fecal Analysis
Fresh per rectum fecal samples were collected on d 23 and 24 of each treatment for
sample storage and future analysis. Collections occurred at 1300 and horses were placed in
stocks and a sterile, inverted palpation sleeve was inserted per rectum to collect fresh fecal balls.
Lubricant was not used to prevent contamination or detriment to bacterial specimens. There were
no incidences of rectal tears, lethargy, or fever resulting from fecal collection. Samples were
immediately placed in a Ziploc® plastic bags.
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Fecal pH was determined utilizing a 1:1 mixture of 20 g fresh feces and deionized H2O.
Samples were homogenized in 150 mL Pyrex® glass beakers (Corning Inc., Corning, NY) and
pH and temperature were determined via a Thermo Electron Orion® Model 290A+ (Thermo
Fisher Scientific, Waltham, MA) portable meter within 1 h of collection.
Sample preparation and storage was conducted based on modified procedures by
Zoetendal et al. (1998; 2001) and Decroos et al. (2005). Three g of fresh feces was transferred
into a sterile 50 mL Falcon™ tube (Corning Inc., Durham, NC). Five mL of PBS 1 x 0.0067 M
(PO4) (Hyclone Laboratories, Logan, UT) was added and the tubes were vortexed using a
Vortex-Genie 2 (Scientific Industries, Inc., Bohemia, NY) at setting 10 for 1 min. Samples were
centrifuged at 4°C at 2500 rpm for 10 min. After removal from the centrifuge, a 250 µL aliquot
of the supernatant was pipetted into a 2 mL screw cap cryogenic vial (Axygen Scientific, Union
City, CA) in duplicate and stored at -80°C until shipment. Samples were shipped on icepacks to
Admera Health (South Plainfield, NJ) for DNA extraction and 16S rRNA sequencing using the
Floracheck™ (Admera Health) Mammalian assay to determine the V3 and V4 hypervariable
regions. The raw sequencing data set was processed to remove adaptor and low-quality bases,
then chimera sequences were discarded by using QIIME pipeline (Caporaso et al., 2010) to
obtain the final effective sequence data. was removed in order to get effective data set to pick
OTU clusters (97% identical). Quality filtering of raw sequencing data was performed by using
FASTP version 0.19.5 (Chen et al., 2018) to discard low quality bases or reads. To merge reads,
PEAR version 0.9.6 (Zhang et al., 2014) was utilized and the number of overlap bases was at
least 20.
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Statistical Analysis
Data were analyzed using PROC MIXED in SAS 9.4 (SAS Institute, Cary, NC, 2015).
The model included horse, period, diet, block, period x diet, and block x diet interaction.
Response variables were DM, CP, NDF, ADF, HEMI, EE, NSC, EE, ash, OM, GE, and pH.
Horse within diet was included as a random variable. Differences were separated using least
squared mean differences. For fecal pH, avg. temperature and pH were pooled over the 2-d
sampling period. To determine outliers, PROC UNIVARIATE was utilized with
ROBUSTSCALE and followed the 1.5 x Interquartile Range Rule. If outliers were present, they
were removed. Differences were considered significant when P ≤ 0.05 and a tendency when 0.05
< P ≤ 0.10.
Statistical analysis of the 16S rRNA data was conducted by Admera Health. For alpha
diversity, the Shannon Diversity Index (mothur in R; R Core Team, 2013) was utilized. For beta
diversity, analysis of similarities (ANOSIM) was performed by using the R package ‘vegan’
version 2.5-3, and to determine differentially abundant taxa, the non-parametric t-test procedure
from Metastats (Center for Bioinformatics and Computational Biology, College Park, MD) was
used.
Results and Discussion
Apparent Digestibility
The hay diet was considered a baseline diet to observe digestibilities when horses were
not supplemented with RB. There were no differences between SR and MA on the hay diet for
DM, Ash, CP, NDF, HEMI, NSC, or GE. Senior horses had greater apparent digestibilities for
ADF (P = 0.04; 52.68 vs. 32.66%, respectively) and EE (P = 0.02; 22.00 vs. -31.62%,
respectively) compared to MA. Although current literature has indicated that advanced age alone
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does not significantly alter digestive efficiency in horses (Ralston, 2007; Elizinga et al., 2011), it
is interesting that SR would have greater digestibilities. Although some animals had markedly
lesser digestibilities than their cohorts, none were determined to be outliers and thus remained in
the dataset prior to statistical analysis. The negative digestibility experienced in MA for EE may
indicate that endogenous losses were greater than were consumed in the diet (Swyers et al.,
2008). However, it is important to note that the hay utilized was low in EE, so variations between
horses may be exasperated.
Table 5.2 depicts apparent digestibilities for diets containing RB. There were no
differences when comparing within block (SR or MA) and between diet (CON or PRE). When
fed CON, MA had greater apparent digestibilities for DM (P = 0.04), HEMI (P = 0.03), and GE
(P = 0.05) than SR. Additionally, MA had a tendency for greater apparent digestibilities when
fed CON for NDF (P = 0.06), ADF (P = 0.10), NSC (P = 0.06), and ash (P = 0.07) compared to
SR. Interestingly, when fed PRE, there were no differences between any dietary component
when comparing SR and MA. Numerically, SR experienced enhanced digestibilities when fed
PRE but did not experience an increase great enough to elicit a statistical response when
comparing SR while fed CON to SR while fed PRE.
An important consideration in age and digestive function in the horse is chronic
parasitism that may impair digestibility due to malabsorption and/or maldigestion if a sufficient
percentage of absorptive area is damaged (Ralston et al., 1989; Ralston and Breuer, 1996;
Ralston and Harris, 2013). Studies conducted on horses > 20 yr in the 1980s and early 1990s
reported reduced apparent digestibility of fiber, protein, and P. These horses were born and grew
up without the modern benefit of readily-available paste anthelmintics (Ralston et al., 1989;
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Ralston and Breuer, 1996; Ralston and Harris, 2013). However, all horses in the present study
were regularly dewormed so this isn’t believed to be a factor.
Fecal Analysis
Fecal pH
There were no differences or tendencies in pH between block (P = 0.649), diet (P =
0.379), or any interaction (P > 0.10). There was a tendency for a difference in pH due to period
(P = 0.054), however, no differences between period were elicited upon evaluation by the
differences of LSM. Mean pH for MA and SR regardless of diet was 6.975 ± 0.103 and 7.031 ±
0.105, respectively, which aligns with normal pH reported in the feces and hindgut region in
numerous studies (Mackie and Wilkins, 1988; Berg et al., 2005; Milinovich et al., 2006;
Muhonen et al., 2008; F. Respondek et al., 2008). Some studies have shown a decrease in fecal
or colonic pH with prebiotic supplementation (Berg et al., 2005; F. Respondek et al., 2008),
which contradicts other studies where prebiotics increased cecal pH (Hall and Miller-Auwerda,
2005) or elicited no change (Booth et al., 2001a; Booth et al., 2001b). This may be due to
differences in the prebiotic utilized or the dosage. When comparing the dosage of the present
study to other reported dosages (ranging from 10 to 20 mL liquid and 8 to 56g/d; Coverdale,
2016), the present study had a reduced amount of prebiotic administered, which may help
explain why no fecal pH was elicited. The scFOS utilized, FORTIFEED® has been successfully
utilized in dogs and cats at low dosages to enhance digestibility and alter the fecal microbiota
(Sparkes et al., 1998; Swanson et al., 2002b; Swanson et al., 2002a; Kanakupt et al., 2011). The
dosage utilized in the present study was recommended by the company for horses based on
companion animal studies. However, due to the differences in the GIT compared to horses vs.
dogs and cats, perhaps a greater concentration is needed to see deeper results.
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16S rRNA Analysis
For PRE operational taxonomic units, a total of 481,611 original reads were identified
with 484 OTUs of the kingdom Bacteria, 3 of the kingdom Archaea, and 7 unassigned. Of these,
467 OTUs were shared between SR and MA with 15 unique to MA and 12 unique to SR. The
percentage of different phyla were: 50% Bacteroidetes, 23.08% Firmicutes, 15.38% unassigned
(OTUs 21, 187, 203, 251), 3.84% Spirochaetae, 3.84% Tenericutes, and 3.84% Euryarchaeota.
When assessing OTUs for CON, a total of 543,392 original reads were identified. Of these, 512
OTUs of the kingdom Bacteria were identified, 3 of the kingdom Archaea, and 10 unassigned.
Of these, 499 OTUs were shared between SR and MA with 10 unique to MA and 16 unique to
SR. The percentage of different phyla were: 44.44% Bacteroidetes, 29.63% Firmicutes, 7.41%
Saccharibacteria, 7.41% unassigned (OTUs 161, 468), 3.70% Spirochaetae, 3.70%
Cyanobacteria, and 3.70% Tenericutes.
Metastats determined that within CON (Figure 5.1), MA had more relative bacterial
abundance at the phylum taxon vs. SR for Cyanobacteria (P = 0.035) and Proteobacteria (P =
0.033) with a tendency of difference for Verrucomicrobia (P = 0.088). While feeding PRE
(Figure 5.2), SR had significantly more relative bacterial abundance at the phylum taxon vs. MA
for Proteobacteria (P = 0.004) and a tendency of difference for Euryarchaeota (P = 0.09). Table
5.3 depicts the percentage (%) relative abundance of dominant taxa based on diet and age. Large
ranges are provided in the literature for phyla, with Julliand and Grimm (2017) reporting
Firmicuties (20 to 59%) and Bacteroidetes (2 to 65%) as the most prevalent phyla followed by
Proteobacetia (0 to 14%), Verrucomicrobia (0 to 24%), Spirochaetes (1 to 9%), Fibrobacteres (1
to 7%), and Actinobacteria (0 to 2%) were less abundant, with Tenericutes observed but in such
a quantity average abundance was not reported (Julliand and Grimm, 2016). In the present study,
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all dominant phyla reported by Julliand and Grimm (2016) were identified and Bacteroidetes the
most prevalent regardless of diet or age. Bacteroidetes has been reported as the primary phyla in
some studies (Hansen et al., 2015; Morrison et al., 2018) with Firmicutes dominant in others
(Dougal et al., 2014a; Moreau et al., 2014; Costa et al., 2015; Ericsson et al., 2016).
At the genus level for all ages regardless of diet, the greatest original reads of OTUs were
for Rikenellaceae RC9 gut group of the phylum Bacteroidetes. For CON this made up 4.51% of
original reads while PRE made up 6.75%. Candidatus Saccharimonas of the phylum
Saccharibacteria were isolated from all ages regardless of diet except for MA on PRE.
Saccharibacteria are warranted for dialogue because this phylum has only been reported once in
the horse (Morrison et al., 2018) but was not discussed. Saccharibacteria are considered a
candidate phylum, in which no culture-dependent representatives have been found but evidence
of their existence has been obtained through the use of metagenomic analysis and 16S rRNA
technology (Hugenholtz et al., 1998). To the author’s knowledge, this phylum has not been yet
reported in the horse; however, Yang et al. (2019) reported this phylum in the feces of sheep but
not cattle or horses. All 3 livestock were grazing in the Xilingol steppe grassland in north China
with the predominant forage species Leymus chinensis, Stipa grandis, and Agropyron cristatum.
This phylum has also been shown to be present in soil, seawater, activated sludge, animals, and
human sources (Hugenholtz, 2002; Ferrari et al., 2005; Marcy et al., 2007; Kuehbacher et al.,
2008; Dinis et al., 2011; Ferrari et al., 2015). More recently, Opdahl et al. (2018) reported the
identification of Candidatus Saccharimona in the rumen of beef cattle and concluded, although
further investigations are necessary to elicit specific metabolic responses of each OTU, that this
finding supports cellulose utilization as a rumen metabolic trait.
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For alpha diversity, which measures the average species diversity within hay quality, the
Shannon Diversity Index was utilized (Figure 5.3) which accounts for both abundance and
evenness of the species present. On CON, there was a tendency (P = 0.06) for MA to have a
higher Shannon Diversity Index than SR. On PRE, MA had a higher Shannon Diversity Index (P
= 0.01) than SR. Regardless of diet, SR had or a tendency to have less diversity in bacterial
species. This decline in the bacterial community within the feces of SR horses was supported by
Dougal et al. (2014) but contradicted results by Morrison et al. (2018). However, Morrison et al.
(2018) noted that their study utilized ponies of diverse BCS, while Dougal et al. (2014) utilized
horses of moderate BCS. It was also noted that the greater longevity in ponies vs. horses, with
ponies often overrepresented in equine populations ≥ 30 yr (Brosnahan and Paradis, 2003a;
Brosnahan and Paradis, 2003b; Ireland et al., 2012), may play a role the onset of senescence
sooner and likely a contributor to decreased diversity (Morrison et al., 2018). Senior horses
having less bacterial diversity is important because increased diversity has a community
stabilizing effect (Cooper, 2005; Hansen et al., 2015). Older horses are more predisposed to
increased incidents of colic (Ralston and Harris, 2013), specifically impactions (CarsonDunkerley and Hanson, 1996) and strangulating lipomas (Edwards and Proudman, 1994), as well
as an increased risk for and severity of bacterial and viral infections potentially due to
immunocompetence (Traub-Dargatz et al., 1985; Ralston and Harris, 2013).
For beta diversity, which measures the change in diversity across samples, the nonparametric statistical test ANOSIM that utilized a matrix of rank dissimilarities (Clarke, 1988)
was used. There were no differences between age with ANOSIM within CON (P = 0.164) and
PRE (P = 0.749). When comparing SR vs. MA on the hay only diet, there was a tendency (P =
0.086) for greater species diversity for MA.
87

Conclusion
Although MA had greater apparent digestibilities for numerous fractions when fed CON
compared to SR, there were no differences when scFOS was supplemented. Animals were
believed to have had good anthelmintic management, but decreases in digestibility with age,
linked to long-term endoparasitic damage, could not be proven. However, there were no
differences found between MA and SR when fed PRE, while there were numerous differences
between MA and SR when fed CON. This indicates that dietary scFOS supplementation may
help mitigate certain decreases in digestibility experienced by SR. Only slight variations in
specific phyla were observed when comparing ages and diets. However, SR were shown to have
less diversity and abundance in their bacterial population, which may help explain why SR are
more prone to ailments such as colic and impaired immune function. Although the scFOS
utilized, FORTIFEED®, has been successful in dogs and cats at low inclusion rates, it would be
of interest to supplement in a comparable amount with the literature to observe further changes
in the hindgut microbiota and digestibility due to scFOS supplementation.
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Table 5.1

Composition of hay and ration balancer fed during treatment periods (100% DM
basis)1a

Component

RB2

Hay
CON

PRE

DM, %

89.05

89.92

90.42

CP, %

9.95

31.46

32.02

NDF, %

71.51

16.62

17.73

ADF, %

31.29

6.93

6.34

HEMI, %

40.22

9.69

11.39

NSC, %

17.37

34.86

32.56

EE, %

1.17

2.31

3.34

OM, %

93.99

85.25

85.66

ASH, %

6.01

14.75

14.34

GE, kcal/g

4.50

4.29

4.28

Added scFOS, g/kg3

0.00

0.00

2.50

1

Control ration balancer represented as CON, prebiotic-added ration balancer as PRE,
hemicellulose as HEMI, non-structural carbohydrates as NSC, ether extract as EE, short-chain
fructoogliosaccharides as scFOS, and RB as ration balancer
a
Dietary treatments were bermudagrass (Cynodon dactylon) hay offered at 1.50% BW/d as-fed
and hay with either CON ration balancer (Gro’N Win™, Buckeye Nutrition, Dalton, OH) or the
same RB formulated with cane-sugar derived short-chain fructoogliosaccharide (scFOS;
FORTIFEED®, Ingredion Inc., Westchester, IL) fed per bag recommendations, with horses
weighing < 454 kg receiving 0.45 kg balancer/d and those weighing 454 to 589 kg receiving 0.57
kg/d
2
Gro ‘N Win™ (Buckeye Nutrition, Dalton, OH)
3
FORTIFEED® (Ingredion Inc., Westchester, IL)
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Table 5.2

Apparent digestibility of dietary components for control ration balancer in SR (n =
5) vs. MA (n = 5) horses (100% DM basis)1
Diets by Block2

P-Values3

SR

MA

SR

MA

Component

CON

CON

PRE

PRE

SEM

CON

PRE

DM, %

46.16

55.53

52.25

51.66

1.59

0.04

0.91

CP, %

66.57

71.03

69.33

68.91

1.28

0.15

0.47

NDF, %

41.15

51.98

43.24

47.16

1.75

0.06

0.47

ADF, %

29.54

41.08

31.71

35.09

2.03

0.10

0.92

HEMI, %

50.18

60.45

55.94

56.50

1.54

0.03

0.31

NSC, %

77.61

81.77

80.48

82.50

1.01

0.06

0.48

EE, %

-30.34

-1.01

-13.49

-5.44

5.69

0.18

0.91

OM, %

50.16

50.07

50.11

50.14

0.02

0.13

0.49

Ash, %

31.20

40.51

37.23

41.34

1.69

0.07

0.30

GE, kcal/g

44.96

55.20

51.15

51.61

1.62

0.05

0.94

1

SR = senior, MA = mature, CON = control ration balancer (RB), PRE = prebiotic-added RB,
HEMI = hemicellulose, and EE = ether extract
2
Dietary treatments were bermudagrass (Cynodon dactylon) hay offered at 1.50% BW/d as-fed
with either CON ration balancer (Gro’N Win™, Buckeye Nutrition, Dalton, OH) or the same RB
formulated with cane-sugar derived short-chain fructoogliosaccharide (scFOS; FORTIFEED®,
Ingredion Inc., Westchester, IL) fed per bag recommendations, with horses weighing < 454 kg
receiving 0.45 kg balancer/d and those weighing 454 to 589 kg receiving 0.57 kg/d
3
P-values indicate differences between block and within diet
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Table 5.3

Relative abundance (%) of dominant phyla isolated from equine feces with
comparison of diet and age
Relative Abundance (%)
SR
Phyla

MA

CON

PRE

CON

PRE

Bacteroidetes

45.52

41.14

46.36

42.05

Firmicutes

38.27

40.07

39.34

40.78

Saccharibacteria

5.61

8.54

2.89

7.41

Synergistetes

1.48

1.81

1.81

1.47

Spirochaetae

0.89

1.43

1.63

1.57

1

MA = mature (7.5 ± 0.92 yr; 483.83 ± 33.71 kg), SR = senior (n = 5; 23 ± 1.06 yr; 539.33 ±
17.55 kg), CON = control ration balancer (RB), and PRE = prebiotic added RB. Dietary
treatments were bermudagrass (Cynodon dactylon) hay offered at 1.50% BW/d as-fed with either
CON ration balancer (Gro’N Win™, Buckeye Nutrition, Dalton, OH) or the same RB formulated
with cane-sugar derived short-chain fructoogliosaccharide (scFOS; FORTIFEED®, Ingredion
Inc., Westchester, IL) added at a rate of 2.50 g/kg (PRE). Horses weighing < 454 kg received
0.45 kg balancer/d and those weighing 454 to 589 kg received 0.57 kg/d scFOS dosage 1.12 and
1.42 g/d, respectively.
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Figure 5.1

Metastats analysis of differences between phyla in equine feces in SR (n = 5) vs.
MA (n = 5) horses fed CON1

1

MA = mature (7.5 ± 0.92 yr; 483.83 ± 33.71 kg), SR = senior (n = 5; 23 ± 1.06 yr; 539.33 ±
17.55 kg) and CON = control ration balancer. Dietary treatment was bermudagrass (Cynodon
dactylon) hay offered at 1.50% BW/d as-fed with CON (Gro’N Win™, Buckeye Nutrition,
Dalton, OH). Horses weighing < 454 kg received 0.45 kg balancer/d and those weighing 454 to
589 kg received 0.57 kg/d
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Figure 5.2

Metastats analysis of differences between phyla in equine feces in SR (n = 5) vs.
MA (n = 5) horses fed PRE1

1

MA = mature (7.5 ± 0.92 yr; 483.83 ± 33.71 kg), SR = senior (n = 5; 23 ± 1.06 yr; 539.33 ±
17.55 kg), and PRE = prebiotic added ration balancer. Dietary treatment was bermudagrass
(Cynodon dactylon) hay offered at 1.50% BW/d as-fed with the control ration balancer (Gro’N
Win™, Buckeye Nutrition, Dalton, OH) formulated with cane-sugar derived short-chain
fructoogliosaccharide (scFOS; FORTIFEED®, Ingredion Inc., Westchester, IL) added at a rate
of 2.50 g/kg (PRE). Horses weighing < 454 kg received 0.45 kg balancer/d and those weighing
454 to 589 kg received 0.57 kg/d as per bag recommendations yielding a scFOS dosage 1.12 and
1.42 g/d, respectively.
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Figure 5.3

Shannon diversity index to determine alpha diversity within ration balancer fed
diets in equine feces of SR (n = 5) vs. MA (n = 5) horses1

1

MA = mature (7.5 ± 0.92 yr; 483.83 ± 33.71 kg), SR = senior (n = 5; 23 ± 1.06 yr; 539.33 ±
17.55 kg), CON = control ration balancer, and PRE = prebiotic added ration balancer. Dietary
treatments were bermudagrass (Cynodon dactylon) hay offered at 1.50% BW/d as-fed with either
CON (Gro’N Win™, Buckeye Nutrition, Dalton, OH) or the same ration balancer formulated
with cane-sugar derived short-chain fructoogliosaccharide (scFOS; FORTIFEED®, Ingredion
Inc., Westchester, IL) added at a rate of 2.50 g/kg (PRE). Horses weighing < 454 kg received
0.45 kg balancer/d and those weighing 454 to 589 kg received 0.57 kg/d as per bag
recommendations yielding a scFOS dosage 1.12 and 1.42 g/d, respectively.
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CHAPTER VI
RELATIONSHIP BETWEEN INSULIN DYSREGULATION AND MORPHOMETRIC NECK
MEASUREMENTS IN THE NON-OBESE STOCK-TYPE HORSE
Introduction
Equine metabolic syndrome is a multi-faceted disorder that is often associated with ID,
and thus an increased risk of laminitis, with or without other metabolic alterations and/or obesity
(regional or generalized). This new definition acknowledges that animals that are non-obese may
have ID and suffer from EMS. Insulin dysregulation can be defined as any combination of
fasting hyperinsulinemia, postprandial hyperinsulinemia, or tissue insulin resistance and is
typically evaluated in the field using the OST. Due to the relationship between insulin and
glucose, it is interesting that ID individuals may or may not have elevated glucose concentrations
(Johnson, 2002; Kaczmarek et al., 2016). Although a large-scale study has not been conducted to
report the incidence of ID in horses, a study by Geor and Frank (2009) determined that
hyperinsulinemia occurred in 10% of the 300 horses tested in Southwest Virginia.
Due to the phenotypic presentations associated with EMS and ID, MNM have been of
interest in serving as an easy, user-friendly method to determine a horse’s predisposition. These
measurements often include neck circumference at 25%, 50%, and 75% of neck length (poll to
wither) and neck crest either measured from hairline to tissue above the ligamentum nuchae (via
palpation and visual assessment) at 50% neck length or by assigning a cresty neck score (0 to 5)
based on visual crest adiposity (Carter et al., 2009; Martin-Gimenez et al., 2016; Cantarelli et al.,
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2018). Research on a variety of breeds and BCS have shown mixed results on the efficacy of
certain MNM.
Limited work has been done to evaluate regional neck adiposity and the prevalence of ID
in non-obese, stock-type breeds such as Quarter, Paint, and Appaloosa horses. Thus, the
objectives of the present study were to determine the prevalence of ID in non-obese, stock type
horses and to identify if MNM correlates with or identifies horses with ID.
Materials and Methods
Sixty-two stock-type horses (n = 36 mares, n = 26 geldings; 16.24 ± 1.06 yr) owned by
either the Mississippi State University Animal and Dairy Sciences or private parties were tested
for ID. Horses were selected for testing based on classification as a stock-type breed, such as
Quarter, Paint, or Appaloosa, in apparent good health, classification of a non-growing horse, and
of a non-obese BCS (<7; Henneke et al., 1983). The avg. BCS of the sample of horses was 4.95
± 0.62. Horses were tested between February and June of 2018 at the site of their residence.
Morphometric Neck Measurements
Morphometric neck measurements were taken with necks at a relaxed, 45° angle, on each
individual as previously described by Frank et al. (2006). Measurements included: total neck
length from poll to the cranial aspect of the wither, neck length circumference (NLC) at 1/4, 1/2,
and 3/4 along the neck length (25% NLC, 50% NLC, and 75% NLC, respectively), and neck
crest height (NCH) from the tissue apparent above the ligamentum nuchae to mane hairline at
50% NLC (Carter et al., 2009).
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Oral Sugar Test
Horses were fasted for at least 12 h prior to a baseline OST sample. The OST was
conducted similarly to previous studies (Schuver et al., 2014; Smith et al., 2016) with horses
administered 0.15 mL/kg BW corn syrup (Karo® Light Syrup, ACH Food Companies Inc.,
Memphis, TN) via a 60 mL syringe, which is estimated to provide 150 mg/kg BW dextrosederived digestible sugars (Schuver et al., 2014). Blood samples were collected via jugular
venipuncture into 9 mL EDTA tubes (Santa Cruz Biotechnology, Dallas, TX). Samples were
taken immediately prior to administration of the corn syrup and 60 min after, with all samples
collected between 0600 and 1000 h. A small sample of whole blood was immediately used at
each sampling time for pre- (PREG) and post- (POSTG) glucose analysis using a validated
veterinary glucometer (g-Pet Plus, Woodley Veterinary Diagnostics, Lancashire, UK). Blood
tubes were inverted and transported on ice until centrifugation for 10 min at 2500 rpm. Plasma
was pipetted in duplicate into 0.6 mL microcentrifuge tubes (Fisherbrand™, Thermo Fisher
Scientific, Waltham, MA) and stored at -80°C. Samples were overnighted frozen to the Cornell
Animal Health Diagnostic Center (Ithaca, NY) for insulin analysis via RIA. Insulin dysregulation
was defined as an animal having a pre-OST insulin (PREI) > 20 uIU/mL and/or > 60 uIU/mL at
60 min post. Post-OST insulin (POSTI) was described as equivocal (EQ) if between 45 to 60
uIU/mL. Equivocal animals were described as those who may be considered a “false positive”
and would not be ID if repeatedly tested due to large CI (Frank and Walsh, 2017). Animals not
falling into these ranges were considered normal responders (NR).
Statistical Analysis
Statistical analysis was performed utilizing PROC GLM and CORR in SAS 9.4 (SAS
Institute, Cary, NC, 2015). The model included group (ID, EQ, or NR) with response variables
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of PREG, POSTG, PREI, POSTI, NCH, 25% NLC, 50% NLC, and 75% NLC. Differences were
separated with least squared mean differences. Differences were considered significant when P ≤
0.05 and a tendency when 0.05 < P ≤ 0.10.
Results and Discussion
Of the 62 stock-type horses tested, 57 horses (91.93%) were NR, 4 were EQ (6.45%), and
1 was ID (1.61%; Table 6.1). Although obesity has a strong correlation with ID, there is still
evidence of ID occurring in non-obese individuals, often with abnormal adipose tissue
distribution (Frank, 2009).
The OST results for the ID individual were: PREG of 114 mg/dL, POSTG of 150 mg/dL,
PREI of 19.88 µIU/mL, and POSTI of 81.37 µIU/mL. There was a tendency (P = 0.10) for EQ to
have greater PREI compared to NR (37.41 vs. 22.27 µIU/mL, respectively). Equivocal horses
also had greater POSTI compared to NR (P = 0.05; 17.26 vs. 10.13 µIU/mL, respectively).
Equivocal animals were also noted by Frank and Walsh (2017) who stated that EQ results fall
close to diagnostic cutoff concentrations but must be interpreted with caution due to the potential
for wide CI within a sample. Additionally, diagnostic cutoff values in the present study were
determined by the Cornell Animal Health Diagnostic Center and may vary from values utilized
in other studies and methodologies (Bertin and de Laat, 2017; Warnken et al., 2018).
For PREG, there was a tendency (P = 0.06) for EQ to have greater resting glucose than
NR (117.25 vs. 104.86 mg/dL, respectively). There was no difference between EQ and NR for
POSTG (P = 0.27). This is not abnormal, as plasma glucose concentration has been known to be
within normal ranges in horses still affected with ID (Johnson, 2002). Although ID can cause
peripheral tissues to become insensitive to glucose uptake, beta cells in the pancreas compensate
for elevated blood glucose concertation by producing and secreting more insulin, resulting in
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hyperinsulinemia (Newsholme and Dimitriadis, 2001; Eiler et al., 2005; Durham et al., 2009).
Pathological hyperinsulinemia, which in horses is defined as a basal concentration above 30
mU/L, means that insulin concentrations are continuously elevated but appropriate amounts of
glucose are still being transported into the cell at a rate to maintain glucose concentrations at a
normal state (60 to 90 mg/dl Ralston, 2002; Frank, 2009; Frank et al., 2010). This is important
because these results indicate glucose concentrations alone should not be utilized to determine
ID; rather, the response of insulin to glucose should be assessed.
Morphometric neck measurements were assed via means and correlation with blood
parameters. Table 6.2 depicts MNM differences of group ID diagnosis. Results of MNM for the
ID individual were: 8 cm for NCH, 76 cm for 25% NLC, 98 cm for 50% NLC, and 116 cm for
75% NLC. There were no differences between NR and EQ for any MNM. In past research, NCH
was greater in obese vs. non-obese Crioulo (also known as Criollo) horses but showed sexual
dysmorphism in Andalusians (Martin-Gimenez et al., 2016; Cantarelli et al., 2018). Often, neck
crest is associated with males but the ID individual in this study was a mare. In the present study,
sex did not influence any MNM. In Andalusians, although NLC measurements were not
different, ultrasonographic measurement of subcutaneous fat thickness at 75% neck length
correlated well with insulin and did not show differences between males and females (MartinGimenez et al., 2016).
When assessing correlations between MNM and blood markers, PREG was correlated
with POSTI (r = 0.33, P = 0.01), 50% NLC was correlated with POSTG (r = 0.29, P = 0.022),
75% NC was correlated with POSTG (r = 0.29, P = 0.03), and NCH had a tendency to be
correlated with POSTI (r = 0.24, P = 0.07). These correlations were weaker than those reported
by Carter et al. (2009), who found correlations between NCH vs. insulin (r = 0.41, P = 0.02) and
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NCH vs. glucose (r = 0.39, P = 0.02). However, it is important to note that animals in that study
were not fasted prior to blood sampling. In a population of obese and non-obese horses on
pasture with no fasting, Frank et al. (2006) found correlations of mean neck circumference to
area under the curve (AUC) glucose (r = 0.71, P = 0.01), mean neck circumference to AUC
insulin (r = 0.88, P < 0.001), resting glucose to AUC glucose (r = 0.83, P < 0.001), resting
glucose to AUC insulin (r = 0.72, P = 0.008), resting insulin to AUC glucose (r = 0.66, P = 0.02),
and resting insulin to AUC insulin (r = 0.83, P = < 0.001). Area under the curve was not assessed
in the present study due to the singular post-OST timepoint taken.
Conclusion
Although obesity is an important genetic factor in ID it should not be used alone as a
determining factor, as insulin dysregulation can still occur in non-obese individuals (Frank,
2009; Kaczmarek et al., 2016). Promisingly, only 1 individual with ID was identified out of a
sample of 62, which indicates that ID may not be common in non-obese stock-type horses. This
is important for producers as maintaining horses in a more ideal BCS may decrease their risk for
ID. When assessing a horse’s risk for ID, MNM may help identify horses that are at a greater
risk, but more research is needed to validate thresholds for MNM in both obese and non-obese
stock-type horses. There were correlations between PREG and POSTI but a fasting OST would
still be recommended in assessing ID based on insulin concentration because alterations in
glucose concentrations may not be present in all ID individuals. Additionally, a large-scale
collaboration should be conducted to determine the prevalence of ID.
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Table 6.2

Blood parameters in non-obese stock-type horses (n = 62) after a 12 h fast and
OST

Blood Parameter2
Pre-OST Insulin,
uIU/mL
Post-OST Insulin,
uIU/mL
Pre-OST Glucose,
mg/dL
Post-OST Glucose,
mg/dL

Group3
NR (n = 57)

EQ (n = 4)

SEM

P-Value

22.27

37.41

0.58

0.10

10.13

17.26

1.39

0.05

104.86

117.25

1.74

0.06

134.89

126.75

2.42

0.27

1

OST = oral sugar test administered at 0.15 mL/kg BW (Karo® Light Syrup, ACH Food
Companies Inc., Memphis, TN)
2
Whole blood glucose sampled with validated veterinary glucometer (g-Pet Plus, Woodley
Veterinary Diagnostics, Lancashire, UK) and plasma insulin analyzed via RIA Cornell Animal
Health Diagnostic Center (Ithaca, NY)
3
Group based on insulin concentration. Insulin dysregulation (ID) defined as pre-OST insulin >
20 uIU/mL and/or > 60 uIU/mL at 60 min post. Post-OST insulin as equivocal (EQ) if between
45 to 60 uIU/mL. Normal responders (NR) do not fall within those parameters.
abc
Values in the same rows not sharing the same superscript differ
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Table 6.4

Morphometric neck measurements of non-obese stock-type horses (n = 62)

MNM1

Group2
NR (n = 57)

EQ (n = 4)

SEM

P-Value

NCH

4.68

4.25

0.21

0.28

25% NLC

78.39

78.62

0.58

0.46

50% NLC

95.42

92.87

0.83

0.26

75% NLC

115.76

114.12

0.91

0.22

1

Morphometric neck measurements (MNM) with neck at a relaxed, 45° angle, where NCH is
neck crest height at 50% neck length, 25%LC circumference at 25% neck length, 50%LC
circumference at 50% neck length, and 75%LC circumference at 75% neck length
2
Group based on insulin concentration. Insulin dysregulation (ID) defined as pre-OST insulin >
20 uIU/mL and/or > 60 uIU/mL at 60 min post. Post-OST insulin as equivocal (EQ) if between
45 to 60 uIU/mL. Normal responders (NR) do not fall within those parameters.
ab
Values in the same rows not sharing the same superscript differ
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